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14.  ABSTRACT 


Septins  comprise  a  large,  conserved  family  of  GTPases  that  fassemble  into  apolar  filaments,  bundles  and  rings.  Septins  play 
important  roles  in  mitosis,  cell  migration,  and  cell  morphogenesis  by  forming  scaffolds  and  diffusion  barriers.  Defects  in  septin 
expression,  organization  and  function  are  implicated  in  many  human  diseases  including  cancer  and  neuropathies.  During  this 
period  of  funding:  1).  We  tested  the  effect  of  a  plant  cytokinin,  Forchlorfenuron  (FCF),  on  mammalian  septins,  and  showed  that 
FCF  effects  septin  assembly,  and  induced  mitotic  and  cell  migration  defects;  2).  We  showed  that  in  mammalian  epithelial  cells 
that  vesicles  containing  apical  or  basolateral  proteins  exit  the  Golgi  complex  along  SEPT2/polyGlu  microtubule  tracks,  and  that 
these  tracks  are  required  for  the  proper  morphogenesis  of  polarized  epithelia;  3).  We  showed  that  SEPT2  is  part  of  a  diffusion 
barrier  at  the  base  of  the  primary  cilium,  which  transduces  extracellular  signals  through  signaling  receptors  localized  in  the  ciliary 
membrane,  and  is  essential  for  retaining  receptor-signaling  pathways  in  the  primary  cilium.  In  summary,  the  results  of  this  fundinc 
have  provided  significant  advances  in  defining  new  functions  for  septins  that  provide  novel  insights  into  cellular  functions  and 
defects  that  could  occur  in  human  diseases. 
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ABSTRACT  continued: 

Septins  comprise  a  large,  conserved  family  of  GTPases  that  form  linear  heterotrimers  in  mammalian  cells  that 
assemble  into  apolar  filaments,  bundles  and  rings.  Septins  play  important  roles  in  mitosis,  cell  migration,  and 
cell  morphogenesis  by  forming  scaffolds  and  diffusion  barriers.  Defects  in  septin  expression,  organization  and 
function  are  implicated  in  many  human  diseases  including  cancer  and  neuropathies.  During  this  period  of 
funding:  1).  We  tested  the  effect  of  a  plant  cytokinin,  Forchlorfenuron  (FCF),  on  mammalian  septins.  We 
showed  that  FCF  effects  septin  assembly,  and  induced  mitotic  and  cell  migration  defects,  indicating  that  FCF  is 
a  promising  tool  to  study  mammalian  septin  organization  and  functions;  2).  We  showed  that  in  mammalian 
epithelial  cells  that  vesicles  containing  apical  or  basolateral  proteins  exit  the  Golgi  complex  along 
SEPT2/polyGlu  microtubule  tracks,  and  that  these  tracks  are  required  for  the  proper  morphogenesis  of 
polarized  epithelia;  3).  We  showed  that  SEPT2  is  part  of  a  diffusion  barrier  at  the  base  of  the  primary  cilium, 
which  transduces  extracellular  signals  through  signaling  receptors  localized  in  the  ciliary  membrane,  and  is 
essential  for  retaining  receptor-signaling  pathways  in  the  primary  cilium.  In  summary,  the  results  of  this  funding 
have  provided  significant  advances  in  defining  new  functions  for  septins  that  provide  novel  insights  into  cellular 
functions  and  defects  that  could  occur  in  human  diseases. 


INTRODUCTION: 

The  major  components  of  the  mammalian  cytoskeleton  comprise  three  types  of  filamentous  polymers:  actin 
microfilaments,  microtubules  and  intermediate  filaments.  Based  on  their  fibrous  organization,  septins  have 
been  identified  as  a  fourth  type  of  cytoskeleton.  Do  septins  comprise  a  unique  cytoskeleton  with  functions 
distinct  from  those  of  the  other  three  types  of  filaments,  or  do  they  regulate  functions  of  the  cytoskeleton 
elements  with  which  they  are  associated?  The  properties  of  septins  indicate  that  they  provide  a  skeleton-like 
scaffold  that  structurally  supports  membranes,  however  they  also  appear  to  function  as  regulatory  scaffolds  in 
the  organization  and  function  of  the  microtubule  cytoskeleton.  The  goals  of  the  work  were  to  understand  the 
interactions  and  functions  of  septins  with  the  microtubule  cytoskeleton  in  different  cellular  processes.  This  was 
accomplished  by:  1).  Studying  the  effects  of  a  small  molecule  inhibitor  (FCF);  2).  Examining  the  roles  of  septins 
and  microtubules  in  vesicle  trafficking  and  epithelial  morphogenesis;  and  3).  Discovering  a  role  of  septins  in 
regulating  signaling  by  the  primary  cilium.  The  results  provide  novel  insights  into  the  regulation  and  function  of 
septin  filaments,  and  define  new  mechanisms  regulating  important  cellular  functions. 

BODY: 

1 ).  Study  the  effects  of  a  small  molecule  inhibitor  Forchlorfenuron  (FCF)  on  septin  oirqanization  and  function 
(see  attached  Publication  1.pdf)'. 

Small  molecules  that  reversibly  perturb  septin  organization  and  function  would  be  valuable  tools  for  dissecting 
septin  functions  and  could  be  used  for  therapeutic  treatment  of  septin-related  diseases.  An  earlier  study 
showed  that  the  small  molecule  compound  Forchlorfenuron  (FCF,  a  plant  cytokinin)  disrupted  septin 
organization  and  caused  cytokinesis  defects  in  budding  yeast.  However,  that  study  did  not  show  whether  FCF 
acted  directly  and  specifically  on  septins,  and  if  so,  how  FCF  acted  on  septins  and  whether  FCF  could  be  used 
as  a  tool  to  study  mammalian  septin  organization  and  functions. 

Our  results  show  that  FCF  specifically  altered  septin  assembly  in  vitro  but  did  not  affect  actin  or  tubulin 
polymerization  (see  Figures  1  &  2,  Publication^ .pdf).  These  observations  are  in  agreement  with  our  studies  in 
mammalian  cells  showing  that  FCF  induced  changes  in  septin  organization  from  short,  thin  fibrilla  to  long,  thick 
bundle-like  filaments.  These  effects  of  FCF  in  cells  were  reversible.  To  elucidate  how  FCF  acts  on  septins,  we 
examined  SEPT2  dynamics  in  vivo  using  FRAP  (see  Figure  3,  Publication^  .pdf).  The  results  reveal  that  FCF 
increased  both  the  half-time  of  recovery  and  the  immobile  fraction,  indicating  an  increase  in  the  stability  of 
septin  filaments.  This  is  consistent  with  the  FCF-induced  changes  in  septin  organization  observed  both  in  vitro 
and  in  cells  (see  Figures  1  &  2,  Publication^  .pdf).  Moreover,  our  FRAP  data  indicate  that  the  thick  bundle-like 
septin  filaments  induced  by  FCF  arise  from  a  decrease  in  the  koff  of  septin  assembly  (lower  dissociation  rate), 
which  progressively  results  in  accumulation  of  abnormally  large  filamentous  structures.  FCF-induced  changes 
in  septin  dynamics  and  organization  resulted  in  defects  in  cell  mitosis  (see  Figure  4,  Publication^ .pdf)  and 
migration  (see  Figure  5,  Publication^ .pdf).  We  suggest  that  stabilization  of  septin  filaments  by  FCF  reduces 
the  turnover  rate  of  septin  filaments  and  therefore  the  relative  abundance  of  cytoplasmic  and  filamentous 
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septins,  which  is  critical  for  their  function.  These  results  are  in  accordance  with  the  effects  of  septin  depletion 
or  over-expression,  which  alter  overall  septin  organization  and  function.  FCF  provides  a  high  degree  of 
temporal  control  over  septin  function,  acting  within  1  h,  and  is  reversible  (see  Figure  2,  Publication^ .pdf)', 
therefore,  it  may  prove  more  useful  than  siRNA  as  a  probe  for  septin  functions. 

In  summary,  our  results  show  that  FCF  alters  mammalian  septin  assembly  in  vitro  and  alters  septin 
organization  and  dynamics  in  cells  by  stabilizing  septin  filaments.  These  results  suggest  that  FCF  will  be  useful 
as  a  tool  to  study  septin  biology.  With  low  levels  of  cytotoxicity,  anti-mitotic,  and  anti-migratory  efficacies,  FCF 
could  be  considered  as  a  septin-based  anti-tumorigenic  agent. 


1).  Examine  the  roles  of  septins  and  microtubules  in  vesicle  trafficking  and  epithelial  morphogenesis  (see 
attached  Publication  2.pdf)'. 

The  plasma  membrane  of  polarized  columnar-shaped  epithelial  cells  is  segregated  into  functionally  distinct 
apical  and  basolateral  domains  that  face  different  biological  compartments  and  regulate  vectorial  transport  of 
ions  and  solutes.  Biogenesis  of  these  membrane  domains  and  maintenance  of  cell  shape  depend  on  protein 
sorting  during  vesicle  budding  from  the  TGN  and  endosomes,  transport  of  vesicles  along  the  actin  and 
microtubule  cytoskeleton,  and  their  fusion  with  the  appropriate  membrane  domain.  The  microtubule 
cytoskeleton  is  involved  in  long-range  transport  of  vesicular  carriers  and  in  the  morphogenesis  of  columnar¬ 
shaped,  polarized  epithelial  cells.  How  release  and  transport  of  vesicles  from  the  Golgi  complex  to  the  plasma 
membrane  are  coordinated  with  microtubule  organization  is  unknown.  In  the  budding  yeast  Saccharomyces 
cerevisiae,  polarized  membrane  growth  is  spatiotemporally  coordinated  by  septins.  In  mammalian  cells, 
septins  bind  to  microtubules,  but  the  functional  significance  of  this  association  in  interphase  cells  and  the  role 
of  septins  in  the  morphogenesis  of  polarized  epithelia  are  unknown.  Therefore,  we  examined  the  distribution 
and  function  of  the  mammalian  SEPT2  with  respect  to  the  microtubule  cytoskeleton  of  Madin-Darby  canine 
kidney  (MDCK)  cells. 

Immunofluorescence  and  live  cell  imaging  of  nonpolarized  MDCK  cells  revealed  a  juxtanuclear  tuft  of  SEPT2 
fibers  closely  apposed  to  the  Golgi  complex,  that  SEPT2  fibers  co-aligned  with  a  subset  of  microtubules 
containing  poly-glutamylated  (polyGlu)  tubulin  ( Figure  3,  Publication_2.pdf),  and  their  distribution  was 
dependent  on  microtubule  structural  integrity  (see  Figure  1,  Publication_2.pdf ).  Significantly,  the  majority  of 
transport  vesicles  exiting  the  Golgi  complex  appeared  to  move  along  septin/polyGlu  microtubule  tracks  ( Figure 
2,  Publication_2.pdf),  and  disruption  of  septin  filaments  or  polyGlu  microtubules  resulted  in  greatly  reduced 
trafficking  of  vesicles  form  the  Golgi  to  the  plasma  membrane  ( Figure  2,  Publication_2.pdf).  Having  shown  that 
SEPT2  plays  roles  in  vesicular  transport,  we  tested  whether  SEPT2  is  required  for  the  establishment  of 
epithelial  membrane  polarity  and  columnar  cell  shape.  We  depleted  endogenous  SEPT2  from  nonpolarized, 
and  then  assayed  cell  polarity  and  shape  in  monolayers  of  polarized  cells  ( Figure  5,  Publication_2.pdf). 
Significantly,  SEPT2-depleted  cells  lacked  an  apical  dome  and  honeycomb  morphology  characteristic  of  a 
polarized,  columnar  epithelium,  and  were  elongated  along  their  long  axis  and  were  shorter  compared  with 
control  cells.  Moreover,  in  SEPT2-  depleted  cells,  levels  of  endogenous  apical  (gp135/podocalyxin)  and 
basolateral  (Na/K-ATPase)  membrane  markers  were  significantly  reduced  from  their  respective  membrane 
domains,  and  these  proteins  accumulated  intracellularly  in  punctate  structures  ( Figure  5,  Publication_2.pdf). 

In  summary,  SEPT2  binding  to  polyglutamylated  microtubules  appears  to  specify  a  functionally  distinct  subset 
of  microtubule  tracks  on  which  “  fast  track  ”  vesicle  transport  occurs.  The  rate  of  vesicle  trafficking  may  be 
regulated  further  by  the  assembly  of  “speed  bumps”  along  polyGlu  microtubules  by  accessory  proteins  (eg., 
MAP4).  Therefore,  the  balance  between  the  levels  of  polyGlu  microtubules,  SEPT2,  and  MAP4  may  control  the 
amount  of  vesicle  transport  to  the  plasma  membrane.  For  example,  different  amounts  of  vesicle  transport  may 
be  required  for  rapid  membrane  growth  during  morphogenesis  of  a  columnar  epithelium  compared  with  those 
required  to  maintain  homeostasis  or  in  response  to  physiological  stress  (wound  healing). 


3).  A  role  of  septins  in  regulating  signaling  by  the  primary  cilium  (see  attached  Publications  3  & 

The  primary  cilium  in  mammals  was  first  identified  over  100  years  ago  (Zimmermann  1898).  However,  it  was 
considered  a  vestigial  appendage  of  little  importance  and  was  largely  ignored  until  the  last  decade  when 
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studies  began  to  link  ciliary  dysfunction  with  genetic  diseases  such  as  polycystic  kidney  disease  (PKD).  Recent 
studies  have  revealed  that  the  primary  cilium  is  the  cell’s  antenna  which  receives  and  transmits  extracellular 
signals  through  specific  receptors  on  the  ciliary  membrane  that  initiate  cell  signaling  cascades  critical  for 
normal  development  and  homeostasis.  Heritable  diseases,  called  ciliopathies,  are  associated  with  ciliary 
dysfunction,  and  include  cystic  kidneys,  retinal  degeneration,  hearing  loss,  situs  inversus,  and  other  defects 
(i for  a  review,  see  Publication_3.pdf). 

The  ciliary  membrane  is  contiguous  with  the  surrounding  plasma  membrane  but  retains  a  distinct  composition 
of  lipids  and  proteins  required  for  cilia-mediated  sensing/signaling  events,  ciliary  membrane  trafficking  and 
ciliogenesis.  However,  mechanisms  for  retaining  these  proteins  and  lipids  in  the  primary  cilia  are  not  clear.  We 
directly  tested  the  presence  of  a  diffusion  barrier  using  fluorescence  recovery  after  photobleaching  (FRAP; 
Figure  1,  Publication_4.pdf).  Photobleaching  of  part  or  the  whole  cilium  or  plasma  membrane  pool  revealed 
that  four  membrane  proteins  in  the  apical  plasma  membrane  and  ciliary  membrane  were  mobile,  but  did  not 
exchange,  indicating  the  presence  of  a  physical  barrier  that  blocked  the  free  diffusion  of  those  membrane 
proteins  between  these  two  adjacent  plasma  membrane  compartments.  To  identify  molecular  components  of 
this  ciliary  membrane  diffusion  barrier  we  focused  on  septins.  SEPT2  localized  to  the  base  of  the  cilium  at  the 
boundary  between  the  ciliary  and  periciliary  membrane  in  IMCD3  cells,  and  in  MEFs  stably  expressing  SmoYFP 
(Figure  2,  Publication_4.pdf).  In  some  optical  sections  SEPT2  staining  appeared  as  a  ring-like  structure  of 
~500nm  diameter  reminiscent  of  structures  formed  by  recombinant  septins  in  vitro,  and  as  two  fused  dots 
similar  to  septin  staining  at  the  sperm  annulus.  SEPT2  localized  between  the  ciliary  axoneme  (marked  by 
acetylated  a-tubulin,  AcTub)  and  structures  marked  by  the  distal  appendage  protein  CEP164,  the 
subdistal/distal  appendage  protein  outer  dense  fiber  2  (Odf2),  and  the  pericentriolar  protein  pericentrin 
(PeriCT)  ( Figure  2,  Publication_4.pdf). 

To  test  whether  SEPT2  is  part  of  a  diffusion  barrier  at  the  base  of  the  ciliary  membrane,  we  measured  ciliary 
membrane  protein  mobility  in  the  10-15%  of  the  stable  SEPT2-depleted  IMCD3  cells.  We  detected  a  significant 
increase  in  the  diffusional  mobility  of  4  ciliary  membrane  proteins  when  the  whole  cilium  was  photobleached  in 
SEPT2-depleted  cells  compared  to  controls  (Figure  4,  Publication_4.pdf).  Furthermore,  the  Barrier  Index, 
defined  as  the  ratio  of  mean  fluorescence  intensity  of  these  proteins  in  the  ciliary  membrane  to  surrounding 
periciliary  membrane,  was  reduced  significantly  in  SEPT2-depleted  cells  compared  to  controls  (Figure  4, 
Publication_4.pdf).  finally,  we  tested  whether  loss  of  the  ciliary  membrane  diffusion  barrier  following  SEPT2 
depletion  affected  cilium-dependent  receptor  signal  transduction.  Shh  signaling  requires  enrichment  of  Smo  in 
the  ciliary  membrane,  and  signal  transduction  results  in  increased  GUI  and  Patchedl  (Ptcl)  mRNA  levels.  In 
SEPT2-depleted  cells,  Smo  accumulation  in  cilia  was  reduced,  although  total  cellular  levels  were  unaffected. 
After  induction  with  Shh  or  Smo  agonist  (SAG),  GUI  and  Ptcl  mRNA  levels  were  reduced  significantly  in 
SEPT2-depleted  cells  compared  to  controls  (Figure  4,  Publication_4.pdf).  Thus,  the  SEPT2  diffusion  barrier  is 
required  for  cilium-dependent  Shh  signal  transduction. 

In  summary,  we  identified  a  septin-containing  diffusion  barrier  at  the  base  of  the  ciliary  membrane  that  is 
required  to  retain  receptor-signaling  pathways  in  the  primary  cilium.  This  diffusion  barrier  restricts  the  diffusion 
of  ciliary  membrane  proteins  between  the  ciliary  and  periciliary  membrane,  but  permits  the  diffusion  of  ciliary 
transport  proteins.  Thus,  septins  appear  to  have  evolutionarily  conserved  roles  from  fungi  to  animals  in  the 
functional  compartmentalization  of  membrane  domains. 


KEY  RESEARCH  ACCOMPLISHMENTS: 

•  Identified  and  characterized  a  small  molecule  inhibitor  (FCF)  that  affects  septin  assembly,  organization 
and  epithelial  polarity  and  morphogenesis; 

•  Defined  mechanisms  involving  the  roles  of  septins  and  microtubules  in  vesicle  trafficking  and  epithelial 
morphogenesis; 

•  Discovered  a  role  of  septins  as  a  diffusion  barrier  at  the  base  of  the  primary  cilium,  and  its  sole  in 
regulating  signaling  by  the  primary  cilium. 

•  Overall,  these  results  provide  novel  insights  into  the  regulation  and  function  of  septin  filaments,  and 
define  new  mechanisms  regulating  important  cellular  functions  that  are  defective  in  a  variety  of  human 
diseases. 
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CONCLUSIONS: 

The  goals  of  the  work  were  to  understand  the  interactions  and  functions  of  septins  with  the  microtubule 
cytoskeleton  in  different  cellular  processes.  This  was  accomplished  by:  1).  Studying  the  effects  of  a  small 
molecule  inhibitor  (FCF);  2).  Examining  the  roles  of  septins  and  microtubules  in  vesicle  trafficking  and  epithelial 
morphogenesis;  and  3).  Discovering  a  role  of  septins  in  regulating  signaling  by  the  primary  cilium.  The  results 
provide  novel  insights  into  the  regulation  and  function  of  septin  filaments,  and  define  new  mechanisms 
regulating  important  cellular  functions.  The  knowledge  gained  by  these  studies  have  identified  key  functions  of 
septins  in  membrane  trafficking,  signaling  and  epithelial  morphogenesis  and  functions.  The  results  have 
identified  ways  to  inhibit  septin  organization  and  function  including  a  small  molecule  inhibitor  (Forchlorfenuron) 
and  si/shRNAs  that  could  be  applied  in  the  future  to  test  the  role  of  septins  in  diseases  and  as  a  therapy  when 
septins  are  over-  or  mis-expressed. 
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Septins  are  filamentous  GTPases  that  associate  with  cell 
membranes  and  the  cytoskeleton  and  play  essential  roles  in  cell 
division  and  cellular  morphogenesis.  Septins  are  implicated  in 
many  human  diseases  including  cancer  and  neuropathies.  Small 
molecules  that  reversibly  perturb  septin  organization  and  func¬ 
tion  would  be  valuable  tools  for  dissecting  septin  functions  and 
could  be  used  for  therapeutic  treatment  of  septin-related  dis¬ 
eases.  Forchlorfenuron  (FCF)  is  a  plant  cytokinin  previously 
shown  to  disrupt  septin  localization  in  budding  yeast.  Flowever, 
it  is  unknown  whether  FCF  directly  targets  septins  and  whether 
it  affects  septin  organization  and  functions  in  mammalian  cells. 
Flere,  we  show  that  FCF  alters  septin  assembly  in  vitro  without 
affecting  either  actin  or  tubulin  polymerization.  In  live  mamma¬ 
lian  cells,  FCF  dampens  septin  dynamics  and  induces  the  assem¬ 
bly  of  abnormally  large  septin  structures.  FCF  has  a  low  level  of 
cytotoxicity,  and  these  effects  are  reversed  upon  FCF  washout. 
Significantly,  FCF  treatment  induces  mitotic  and  cell  migration 
defects  that  phenocopy  the  effects  of  septin  depletion  by  small 
interfering  RNA.  We  conclude  that  FCF  is  a  promising  tool  to 
study  mammalian  septin  organization  and  functions. 


Septins  were  originally  identified  in  screens  for  genes  that 
regulate  the  cell  cycle  in  budding  yeast  Saccharomyces  cerevi- 
siae  (1).  In  this  organism,  septins  function  as  scaffolds  and  dif¬ 
fusion  barriers  to  localize  many  proteins  required  for  bud  site 
selection,  cell  cycle  progression,  and  cell  division  (2-  6).  Septins 
have  since  been  identified  in  many  other  eukaryotes  ranging 
from  fungi  to  animals  (7,  8).  In  mammalian  cells,  septins  regu¬ 
late  cytoskeleton  organization  (9-14)  and  membrane  traffic 
and  fusion  (15-17),  and  during  mitosis,  they  are  required  for 
proper  chromosome  alignment,  segregation  (18, 19),  and  cyto¬ 
kinesis  (13,  20,  21). 

Septins  are  guanine  nucleotide-binding  proteins  that  form 
filaments  associated  with  membranes  and  the  cytoskeleton  (22, 
23).  Mammalian  septin  filaments  assemble  from  heteromeric 


*  This  work  was  supported,  in  whole  or  in  part,  by  National  Institutes  of  Health 
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complexes,  whose  composition  varies  depending  on  cell  type 
and  level  of  expression  (22,  24).  Mammalian  septin  complexes 
have  been  purified  from  mouse  brain  and  tissue  culture  cells  (9, 
16),  and  the  ubiquitously  expressed  Septin  2  (SEPT2)  has  been 
reconstituted  in  vitro  into  filamentous  structures  by  itself  and 
in  a  complex  with  SEPT6  and  SEPT7  (9, 25-27).  Recently,  x-ray 
crystallography  and  electron  microscopy  revealed  that  SEPT2, 
SEPT6,  and  SEPT7  assemble  into  filaments  through  their  GTP 
binding  domains  (27). 

An  increasing  body  of  evidence  implicates  the  mammalian 
septin  family  in  the  pathogenesis  of  diverse  disease  states 
including  neoplasia,  neurodegenerative  conditions,  and  infec¬ 
tions  (28,  29).  Many  septin  isoforms  are  abnormally  expressed 
in  carcinomas  (30  -34),  and  altered  levels  of  septin  expression 
strongly  correlate  with  tumorigenic  phenotypes  such  as 
increased  cell  growth,  motility  and  invasiveness,  and  resistance 
to  microtubule-disrupting  reagents  (35, 36).  In  neurodegenera¬ 
tive  disorders  (e.g.  Alzheimer  disease),  septins  are  present  in 
cytosplasmic  inclusions  and  neurofibrillary  tangles,  and  a  sep¬ 
tin  isoform  (SEPT4)  was  recently  shown  to  suppress 
n-synuclein  neurotoxicity  in  Parkinson  disease  (37-39). 
Finally,  some  septins  have  been  identified  as  host  proteins 
involved  in  viral  and  bacterial  infections  (40,  41). 

Various  tools  have  been  developed  to  study  septin  organiza¬ 
tion  and  functions,  including  function-blocking  antibodies  and 
RNA  interference.  However,  these  reagents  are  not  readily 
reversible,  and  we  have,  therefore,  turned  to  small  molecule 
compounds,  which  could  also  be  of  therapeutic  value  in  trans¬ 
lational  research.  A  recent  study  showed  that  the  plant  cytoki¬ 
nin  forchlorfenuron  (FCF;2  l-(2-chloro-4-pyridyl)-3-phenylu- 
rea,  4PU300)  disrupted  septin  localization  and  caused 
cytokinesis  defects  in  budding  yeast  (42).  However,  it  was 
unclear  whether  FCF  directly  and  specifically  affected  septins, 
and  if  so,  how  FCF  affected  septin  organization  and  functions. 
Here,  we  analyzed  the  effects  of  FCF  on  mammalian  septins 
using  recombinant  SEPT2/6/7  as  an  in  vitro  septin  assembly 
system  and  mammalian  cells  to  study  effects  in  vivo.  Our  stud¬ 
ies  show  that  FCF  directly  alters  septin  assembly  in  vitro  and 
affects  septin  organization  in  mammalian  cells  by  stabilizing 
septin  filaments;  these  effects  of  FCF  in  cells  are  reversible  upon 
FCF  washout.  Cells  treated  with  FCF  display  mitosis  defects 


2  The  abbreviations  used  are:  FCF,  forchlorfenuron;  MDCK,  madin-darby 
canine  kidney;  FRAP,  fluorescence  recovery  after  photobleaching;  CENP-E, 
centromere  associated  protein  E;  DMSO,  dimethyl  sulfoxide;  siRNA,  small 
interfering  RNA;  DMEM,  Dulbecco's  modified  Eagle's  medium;  FBS,  fetal 
bovine  serum;  GFP,  green  fluorescent  protein;  YFP,  yellow  fluorescent  pro¬ 
tein;  FI,  fluorescence  intensities;  PIPES,  1,4-piperazinediethanesulfonic 
acid;  DAPI,  4',6-diamidino-2-phenylindole. 
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and  decreased  cell  migration  that  phenocopy  the  effects  of  sep- 
tin  knockdown  by  siRNAs. 

EXPERIMENTAL  PROCEDURES 

Cell  Culture,  Cell  Synchronization,  and  siRNA  Transfections— 
Madin-Darby  canine  kidney  (MDCI<)  clone  II  and  HeLa 
(ATCC  CCL-2)  cells  were  maintained  as  described  previously 
(18).  HeLa  S3  cells  were  maintained  in  high  glucose  DMEM 
supplemented  with  10%  fetal  bovine  serum  (FBS).  MDCK- 
SEPT2-YFP  (18),  MDCK-actin-GFP  (43),  and  HeLa-n-tubulin- 
GFP  (a  gift  from  L.  Wordeman,  University  of  Washington)  cells 
were  maintained  in  DMEM  (Sigma-Aldrich)  supplemented 
with  10%  FBS  and  0.5  mg/ml  G418.  HeLa  S3  cells  were  synchro¬ 
nized  in  mitosis  by  blocking  with  2  mM  thymidine  (Sigma)  for 
18  h  followed  by  a  4-h  release  into  regular  media,  and  a  12-h 
incubation  with  nocodazole  (Sigma;  40  ng/ml).  HeLa  cells  were 
transfected  with  siCONTROL  non-targeting  siRNA  and  SEPT2 
siRNAs  as  described  previously  (18). 

Assembly  of  Recombinant  SEPT2/6/7  in  Vitro — Recombinant 
His-SEPT2/6/7  was  purified  from  insect  cells  and  assembled 
into  filamentous  structures  as  described  previously  (9).  Briefly, 
His-SEPT2/6/7  was  clarified  by  centrifugation  at  100,000  X  g, 
diluted  to  —0.2  mg/ml,  and  dialyzed  against  low  salt  buffer  (5 
mM  potassium  phosphate  buffer  (pH  7.2),  50  mM  KC1, 10%  glyc¬ 
erol,  2  mM  MgCl2,  and  1  mM  dithiothreitol)  in  the  presence  of 
FCF  (Sigma)  or  DMSO  (Sigma)  at  4  °C.  Assembly  of  higher- 
order  SEPT2/6/7  filaments  was  reversed  by  dialysis  in  high  salt 
buffer  (5  mM  potassium  phosphate  buffer  (pH  7.2),  1  m  KC1, 10% 
glycerol,  2  mM  MgCl2,  and  1  mM  dithiothreitol)  for  12  h.  Septin 
structures  were  transferred  to  poly-L-lysine-coated  glass  cover- 
slips  and  fixed  with  3%  paraformaldehyde  (EM  Sciences)  in 
phosphate-buffered  saline  for  10  min,  blocked  with  2%  bovine 
serum  albumin,  and  stained  with  anti-SEPT2  (N5N;  rabbit 
polyclonal  antibody).  The  surface  area  of  septin  structures  was 
quantified  using  the  ImageJ  software.  Negative  stain  electron 
microscopy  was  performed  by  adsorbing  His-SEPT2/6/7  com¬ 
plexes  onto  glow-discharged  carbon-coated  copper  grids  (200 
mesh  copper  hexagonal)  for  2  min.  Samples  were  washed  twice 
with  water  and  stained  with  1%  uranyl  acetate  for  2  min.  Fol¬ 
lowing  staining,  samples  were  dried  and  examined  with  a 
CM- 12  Philips  transmission  electron  microscope.  In  pelleting 
assays  of  recombinant  septin  assembly,  higher-ordered  fila¬ 
mentous  structures  were  centrifuged  at  16,000  X  g  for  10  min. 
Supernatants  and  pellets  were  then  analyzed  by  SDS-PAGE  and 
Coomassie  Brilliant  Blue  staining. 

Actin  and  Microtubule  Polymerization  Assays— Vyvene  actin 
(Cytoskeleton,  Inc.)  polymerization  assay  was  performed 
according  to  the  manufacturer's  instructions  in  the  presence  of 
different  concentrations  of  FCF  or  DMSO.  Fluorescence  inten¬ 
sity  was  measured  using  a  fluorescence  plate  reader  (Tecan 
Group  Ltd.;  excitation  360  nm,  emission  405  nm).  A  bovine 
tubulin  (Cytoskeleton,  Inc.)  polymerization  assay  was  per¬ 
formed  according  to  the  manufacturer's  instructions  in  the 
presence  of  various  concentrations  of  FCF  or  DMSO.  Turbidity 
was  measured  at  340  nm  using  a  plate  reader  (Tecan  Group 
Ltd.). 

Immunofluorescence  Microscopy — Subconfluent  cells  were 
fixed  with  warm  PHEM  (60  mM  Pipes-KOH,  pH  6.9,  25  mM 


Hepes,  10  mM  EGTA,  and  1  mM  MgCl2)  containing  3% 
paraformaldehyde  (EM  Sciences)  and  0.1%  Triton  X-100  and 
stained  with  antisera  to  SEPT2  (N5N;  rabbit  polyclonal  anti¬ 
body),  SEPT7  (anti-SEPT7;  rabbit  polyclonal  antibody),  n- 
tubulin  (DM1  a;  Sigma- Aldrich),  and  secondary  fluorescein 
isothiocyanate-  or  rhodamine  red  X-conjugated  F(ab')2  goat 
anti-mouse  or  anti-rabbit  IgGs  (Jackson  ImmunoResearch  Lab¬ 
oratories).  Microfilaments  were  stained  with  Alexa  Fluor-355- 
conjugated  phalloidin  (Invitrogen).  Samples  were  mounted  in 
VECTASHIELD  mounting  medium  (Vector  Laboratories)  and 
imaged  with  an  inverted  Zeiss  microscope  (Axiovert  200)  or  the 
Marianas  system  (Intelligent  Imaging  Innovations).  Cell  mor¬ 
phology  (axis  length  ratio)  was  quantified  using  the  Statistics 
module  in  the  Slidebook  4.2  software.  Staining  of  MDCI<  cells 
for  centromere-associated  protein  E  (CENP-E)  and  CREST 
serum  was  performed  as  described  previously  (18).  Images  were 
captured  and  deconvolved  with  an  Applied  Precision  Delta 
Vision  wide  field  deconvolution  system  (X63  oil  objective;  X  1.5 
optovar).  Quantification  of  CENP-E-containing  kinetochores 
( n  =  —100  per  cell)  was  performed  in  every  fourth  optical  sec¬ 
tion  from  a  deconvolved  z-stack. 

Cytotoxicity  Assays— HeLa  or  MDCI<  cells  were  plated  over¬ 
night  on  collagen-coated  35-mm  tissue  culture  dishes  and  then 
treated  with  DMSO  or  FCF  for  4  h.  Cells  were  trypsinized, 
resuspended  in  DMEM  supplemented  with  10%  FBS,  and 
mixed  in  a  1:1  ratio  with  trypan  blue  (Invitrogen)  at  room  tem¬ 
perature  for  1  min.  Blue  and  non-blue  cells  were  counted  using 
a  hemocytometer.  For  alamarBlue  assays,  HeLa  cells  (1  X  104/ 
well)  were  plated  onto  a  96-well  plate  (Costar)  and  cultured 
overnight.  Cells  were  then  treated  with  FCF  or  DMSO,  and  50 
pi  of  medium  was  removed  and  mixed  with  5.5  pi  of  alamarBlue 
reagent  (AbD  Serotec)  for  2  h.  Fluorescence  intensities  were 
measured  using  a  plate  reader  (Tecan  Group  Ltd.;  excitation 
560  nm,  emission  590  nm).  Each  measurement  was  performed 
in  quadruplicates. 

Live  Cell  Imaging  and  FRAP — Cells  were  grown  on  collagen- 
coated  coverslips  for  24  h  at  subconfluent  density  and  imaged  in 
phenol  red-free  DMEM  supplemented  with  10%  FBS,  25  mM 
Hepes  (Invitrogen)  using  the  Marianas  system  (Intelligent 
Imaging  Innovations)  equipped  with  the  MicroPoint  fluores¬ 
cence  recovery  after  photobleaching  (FRAP)  laser  system  (Pho¬ 
tonic  Instruments).  Photobleaching  experiments  were  carried 
out  using  the  FRAP  module  of  the  Marianas  system.  Equivalent 
laser  intensity,  repetition,  and  exposure  time  were  used  for 
FRAP  measurements  in  FCF-  or  DMSO-treated  samples. 
Bleached  areas  were  accurately  positioned  along  septin  fila¬ 
ments,  actin  stress  fibers,  or  microtubule  bundles.  Images  were 
taken  5  s  before  photobleaching  and  5  min  after  photobleaching 
at  a  rate  of  one  frame  per  second.  Fluorescence  intensities  were 
quantified  after  background  subtraction  and  normalization 
against  unbleached  areas  using  the  Slidebook  4.2  software  as 
described  previously  (43).  Fluorescence  intensities  (FI)  were 
plotted  against  time  (t)  and  fitted  to  an  exponential  recovery 
curve:  FI  =  FIst  -  (FIst  -  FIblch)exp(_In2  x  T/'"V  in  which  FIblch  is 
the  fluorescence  intensity  at  the  time  of  bleaching,  and  FIst  is 
the  fluorescence  intensity  at  the  final  steady  status.  From  this 
equation,  half-times  of  fluorescence  recovery  (tif)  were  derived. 
The  koff  was  calculated  as  In2 /ti^,  and  recovery  percentage  was 
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FIGURE  1 .  FCF  alters  SEPT2/6/7  assembly  in  vitro.  A,  the  chemical  structure  of  FCF.  B,  SEPT2/6/7  complexes  (0.2  pg/p\)  were  dialyzed  for  2  h  in  low  salt  buffer 
containing  FCF  (20  piM)  or  DMSO  to  induce  septin  filament  assembly.  Immunofluorescence  images  show  filamentous  structures  stained  for  SEPT2.  Insets  show 
magnified  images  of  selected  regions;  scale  bars,  2  /xm.  C,  the  bar  graph  shows  the  surface  areas  (mean  ±  S.E.)  of  septin  filaments  after  dialysis  in  DMSO  [red, 
n  =  132)  or  FCF  {green,  n  =  1 29);  ****,  p  <  0.0001 .  D,  the  surface  area  histogram  of  septin  filaments  formed  in  DMSO  [red)  or  FCF  [green).  E,  the  bar  graph  shows 
the  surface  areas  (mean  ±  S.E.)  of  septin  filaments  after  1  h  dialysis  of  SEPT2/6/7  (0.1  pg/pl)  in  low  salt  buffer  containing  various  concentrations  of  DMSO  [red) 
or  FCF  [green,  1  p m;  blue,  5  p m;  cyan,  20  p m);  <  0.0001 .  F,  representative  images  of  negative  stained  septin  filaments  after  dialysis  in  DMSO  [left panel)  or 

20  pM  FCF  [right panel).  G,  septin  filaments  formed  in  DMSO  or  FCF  were  spun  at  16,000  X  g.  Supernatant  [Sup)  and  pellet  [Pellet)  fractions  were  resuspended 
in  SDS-sample  buffer,  analyzed  by  SDS-PAGE,  and  stained  with  Coomassie  Blue.  Hand/,  pyrene  actin  (H)  and  tubulin  (/)  polymerization  assays  in  the  presence 
of  FCF  or  DMSO. 


calculated  as:  ((FIst  -  FIblch)/(FIprebleach  -  FIblch))  X  100  in 
which  FIprebleach  is  the  fluorescence  intensity  before  photo- 
bleaching  (44, 45).  Plots  and  curve  fittings  were  performed  with 
the  Origin  6.1  software. 

Cell  Motility  and  Wound-healing  Assays — A  modified  cell 
motility  assay  was  used  (46).  Fluorescent  beads  (1  pun  Fluo- 
Spheres;  Invitrogen)  were  vortexed,  sonicated,  and  plated  onto 
18-mm  coverslips  precoated  with  collagen  and  incubated  at 
4  °C  overnight.  Excess  beads  were  washed  off,  and  HeLa  cells 
(3  X  103)  were  plated  for  16  h  at  37  °C  in  DMEM  and  10%  FBS. 
Cells  were  fixed,  random  images  were  taken,  and  the  surface 
areas  covered  by  single  cells  were  quantified  using  the  ImageJ 
software.  For  wound-healing  assays,  HeLa  cells  (2  X  106)  were 
grown  on  35-mm  dishes  overnight  in  DMEM  and  10%  FBS. 
MDCI<  cells  were  first  plated  in  low  calcium  DMEM  (5  pi m 
Ca2+)  and  10%  dialyzed  FBS  for  75  min,  and  then  the  medium 
was  exchanged  for  DMEM  with  10%  FBS.  Confluent  monolay¬ 
ers  were  scratched  with  a  pipette  tip.  HeLa  and  MDCI<  cells 


were  imaged  for  8  and  14  h,  respectively.  Displacement  surface 
areas  ( AArea)  were  calculated  as  St  —  St  in  which  Si  is  the  initial 
wounded  surface  area  and  St  is  the  wounded  surface  area  at 
time  point  t.  The  surface  areas  were  quantified  using  ImageJ. 

RESULTS 

FCF  Alters  SEPT2/6/7  Assembly  in  Vitro— To  determine 
whether  FCF  (Fig.  LA)  has  a  direct  effect  on  mammalian  septin 
assembly,  we  used  recombinant  SEPT2/6/7  complex  purified 
from  insect  cells  (9).  SEPT2/6/7  complexes  were  dialyzed  in  the 
presence  of  FCF  or  DMSO  (the  vehicle  for  FCF)  in  low  salt 
buffer  to  induce  septin  self-assembly  into  higher-order  struc¬ 
tures,  which  were  analyzed  by  immunofluorescence  micros¬ 
copy  (Fig.  IB)  or  transmission  electron  microscopy  (Fig.  IF). 
Under  control  conditions  (DMSO),  SEPT2/6/7  complexes 
assembled  into  filamentous  structures  as  reported  previously 
(9).  In  the  presence  of  20  pi m  FCF,  SEPT2/6/7  complexes 
formed  structures  that  were  larger  and  denser  than  those 
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FIGURE  2.  FCF  reversibly  alters  septin  organization  in  HeLa  and  MDCK  cells.  A,  immunofluorescence  images  of  HeLa  cells  stained  for  SEPT2  after  treatment 
with  5, 25,  or  50  puvi  FCF  or  DMSO  for  2  h;  scale  bars,  1 0  pm.  Lower  panels  show  the  boxed  regions  at  higher  magnification;  scale  bar,  2  pm.  B,  MDCK  and  FleLa 
cells  were  treated  with  DMSO  for  4  h  or  FCF  for  1,2,  or  4  hand  stained  for  SEPT2;  scale  bars,  10  pm.C,  immunofluorescence  images  of  FleLa  cells  stained  for  SEPT2 
{green),  a-tubulin  (red),  and  F-actin  {blue)  after  treatment  with  DMSO  for  4  h  {top  panel)  or  50  pM  FCF  for  4  h  {middle panel)  followed  bya2-h  washout  with  regular 
cell  medium  {bottom  panel);  scale  bars,  10  jumn.D,the  bar  graph  {left  panel)  shows  ratios  (mean  ±  S.E.)  of  lengths  of  major  cell  axes  to  lengths  of  minor  cell  axes 
for  MDCK  cells  treated  with  DMSO  (red)  or  50  pM  FCF  for  1  {green),  2  {blue),  and  4  h  {cyan);  ***,  p  =  0.0049;  ****,  p  <  0.0001 .  The  histogram  {right panel)  shows 
the  distribution  of  axis  ratio  values  after  DMSO  and  FCF  treatments.  E,  differential  interference  contrast  images  from  time-lapse  microscopy  (supplemental 
movies  1  and  2)  of  FleLa  cells.  FCF  was  added  at  0  h  and  washed  out  at  2.5  h.  Arrows  point  to  a  cell  region  that  becomes  elongated  during  FCF  treatment  and 
retracts  upon  FCF  washout.  F,  a  trypan  blue  cytotoxicity  assay  of  FleLa  or  MDCK  cells  treated  with  various  concentrations  of  DMSO  or  FCF  (6.25-500  pN\)  for  4  h. 
Trypsinized  cells  were  stained  with  trypan  blue  reagent  and  counted  as  the  percentage  of  total  cells  {n  =  —200).  G,  an  alamarBlue  cytotoxicity  assay  of  FleLa 
cells  treated  with  various  concentrations  of  DMSO  {red  circles)  or  FCF  (1.25  ptM-1  itim;  black  squares)  for  24  h.  Cell  medium  was  incubated  with  alamarBlue 
reagent,  and  fluorescence  intensities  (mean  ±  S.E.)  were  plotted  as  a  function  of  time.  All  measurements  were  performed  in  quadruplicates. 


formed  in  DMSO  (Fig.  IB).  These  structures  were  highly  inter¬ 
twined  (Fig.  1 B,  see  inset)  and  had  significantly  larger  surface 
area  than  control  filaments  (Fig.  1,  C  and  D),  giving  rise  to  a 
higher  percentage  (30.2%  versus  6.2%)  of  structures  with  a  sur¬ 
face  area  greater  than  500  /mm2  (Fig.  ID).  The  effect  of  FCF  on 
SEPT2/6/7  assembly  was  concentration-dependent,  with  a  sig¬ 
nificant  effect  at  a  concentration  as  low  as  5  julm  (Fig.  IB),  and 
was  reversible  upon  dialysis  of  filaments  in  high  salt  buffer  with¬ 
out  FCF  (supplemental  Fig.  1). 

The  ultrastructure  of  septin  filaments  assembled  in  vitro  in 
the  presence  or  absence  of  FCF  was  examined  by  transmission 
electron  microscopy.  In  DMSO,  SEPT2/6/7  formed  extended 
fibers  with  an  average  diameter  of  10.9  ±  0.3  nm  (n  =  40)  that 
appeared  to  be  composed  of  two  parallel  filaments  (Fig.  1 F,  left 
panel ,  see  inset).  The  morphology  of  these  septin  structures  is 


similar  to  that  formed  by  recombinant  septins  and  septin  com¬ 
plexes  purified  from  mammalian  cells  (9,  25,  26).  In  FCF, 
SEPT2/6/7  formed  much  thicker  filaments  with  an  average 
diameter  of  21.0  ±  1.1  nm  ( n  =  40)  that  appear  to  comprise 
many  parallel  filaments  (Fig.  IF,  right  panel ,  see  inset).  This 
change  in  septin  assembly  was  confirmed  by  analyzing  the  ratio 
of  septins  in  the  supernatant  and  pellet  after  centrifugation  at 
16,000  X  g.  After  dialysis  in  the  presence  of  FCF,  more  SEPT2/ 
6/7  was  pelleted  (—90%  versus  —50%)  (Fig.  1G). 

We  also  examined  whether  FCF  has  similar  effects  on  the 
assembly  of  other  filamentous  cytoskeleton  polymers  such  as  actin 
and  tubulin.  In  vitro  actin  and  tubulin  polymerization  assays  were 
performed  in  the  presence  of  a  range  of  FCF  or  DMSO  concentra¬ 
tions.  FCF  did  not  affect  the  rate  or  steady  state  amount  of  actin  or 
tubulin  polymerization  (Fig.  1,  //and  I). 
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Taken  together,  these  results  show  that  FCF  alters  SEPT2/ 
6/7  assembly  and  formation  of  higher-order  structures  in  a  dose- 
dependent  manner.  FCF  did  not  affect  actin  or  tubulin  polym¬ 
erization  in  vitro  under  the  same  conditions. 

FCF  Alters  Septin  Organization  in  HeLa  and  MDCK  Cells 
Reversibly— We  next  tested  whether  FCF  affected  septin  orga¬ 
nization  in  mammalian  cells.  HeLa  cells  were  treated  with 
increasing  concentrations  of  FCF  for  2  h  and  stained  for  SEPT2 
(Fig.  2 A).  SEPT2  organization  changed  from  thin,  short  fibrillar 
structures  (Fig.  2 A,  arrow ,  see  magnified  image  of  the  boxed 
region  in  the  lower  panel)  to  thick,  long  filamentous  structures 
localized  at  the  cell  periphery  (Fig.  2 A,  arrowhead ,  see  magni¬ 
fied  image  of  the  boxed  region  in  the  lower  panel).  These  effects 
were  dose-dependent  and  pronounced  at  50  pM  FCF  (Fig.  2A). 
To  examine  the  time  course  of  FCF  effects,  HeLa  and  MDCK 
cells  were  treated  with  50  pM  FCF  and  fixed  after  1,  2,  or  4  h. 
FCF  began  to  induce  the  reorganization  of  septins  after  1  h  of 

A 


treatment  (Fig.  2 B)  with  a  concomitant  increase  in  SEPT2  fila¬ 
ment  length  and  width  (supplemental  Fig.  2,  A  and  B).  Signifi¬ 
cantly,  FCF-induced  changes  in  septin  organization  were 
reversed  upon  FCF  washout  (2  h;  Fig.  2 C),  demonstrating  that 
the  effects  of  FCF  were  not  permanent  and  that  septins  were 
dynamic  and  could  reorganize  within  2  h.  We  also  examined 
whether  septins  other  than  SEPT2  were  affected  by  FCF  and 
found  that  organization  of  SEPT7  was  also  affected  during  FCF 
treatment  similar  to  that  of  SEPT2  (supplemental  Fig.  2C). 

We  observed  that  FCF-treated  cells  had  elongated  morphol¬ 
ogy  (Fig.  2,  A-C ).  We  used  the  axis-length  ratio  (major  axis 
length/minor  axis  length)  to  measure  cell  morphology  (Fig. 
2D).  Quantification  of  the  axis-length  ratio  of  MDCK  cells 
treated  with  FCF  or  DMSO  revealed  a  time-dependent  effect  of 
FCF  on  cell  morphology  (Fig.  2D);  this  time  course  of  changes  in 
cell  shape  paralleled  changes  in  septin  organization  observed  by 
immunofluorescence  microscopy  (Fig.  2 B).  Live  cell  imaging  of 
HeLa  cells  treated  with  FCF  also 
showed  gradual  changes  in  cell  mor¬ 
phology,  which  were  reversed  upon 
FCF  washout  (Fig.  2 E,  arrows ,  and 
see  supplemental  movies  1  and  2). 

Although  the  effects  of  FCF  were 
reversible,  indicating  that  cells  were 
viable,  we  evaluated  the  cytotoxicity 
of  FCF  using  trypan  blue  and 
alamarBlue  assays.  The  trypan  blue 
assay  shows  that  the  viability  of 
HeLa  and  MDCK  cells  was  unaf¬ 
fected  even  at  FCF  concentrations 
as  high  as  500  pM  for  4  h  (Fig.  2 F). 
The  alamarBlue  assay  indicates  that 
after  24  h  of  treatment,  FCF-treated 
HeLa  cells  were  as  viable  as  DMSO- 
treated  cells  at  a  concentration  of 
FCF  <  62.5  pM.  However,  HeLa 
cells  began  to  show  decreasing  via¬ 
bility  at  higher  FCF  concentra¬ 
tions  (Fig.  2G).  The  results  show 
that  FCF  is  not  toxic  over  short 
time  periods  even  at  high  con¬ 
centrations,  and  for  long  treat¬ 
ments,  FCF  is  not  toxic  at  a  con¬ 
centration  of  FCF  <  62.5  pM. 

FCF  Dampens  SEPT2  Dynamics— 
To  explore  how  FCF  acts  on  septins, 
we  measured  septin  filament 
dynamics  using  FRAP  in  MDCK 
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FIGURE  3.  FCF  dampens  SEPT2  dynamics  in  MDCK  cells.  A,  normalized  FRAP  curves  for  SEPT2-YFP  in  MDCK 
cells  treated  with  DMSO  (n  =  10;  supplemental  movie  3)  or  50  pM  FCF  (n  =  15;  supplemental  movie  4).  AU, 
arbitrary  units.  B,  the  plot  shows  half-times  of  SEPT2-YFP  fluorescence  recovery  (mean  ±  S.E.;y  axis)  and  the 
percentage  of  SEPT2-YFP  mobile  fraction  (mean  ±  S.E.;xaxis)  in  MDCK  cells  treated  with  DMSO  (n  =  10;  black 
squares)  or  50  pM  FCF  (n  =  1 5;  gray  circles).  C,  normalized  FRAP  curves  for  actin-GFP  in  MDCK  cells  treated  with 
DMSO  (n  =  1 3)  or  FCF  50  pM  [n  =  1 5).  D,  normalized  FRAP  curves  for  a-tubulin-GFP  in  FleLa  cells  treated  with 
DMSO  [n  =  14)  or  FCF  50  pM  ( n  =  14).  All  error  bars  represent  S.E. 


TABLE  1 

Half  time  of  recovery  (fi/2)  and  percentage  recovery  of  SEPT2  filaments,  actin  microfilaments,  and  microtubules 


All  values  for  t\A  and  %  recovery  represent  mean  ±  S.E. 


Subject 

Treatment 

u/i 

Recovery 

Number 

p  value 

SEPT2-YFP  filaments 

DMSO 

s 

38.9  ±  4.0 

66.6  ±  3.5 

10 

tiA  <  0.001 

FCF  50  jaM 

73.5  ±  4.5 

53.7  ±  5.1 

15 

Recovery  0.0268 

Actin-GFP  bundles 

DMSO 

20.1  ±  1.9 

59.3  ±  3.0 

13 

tiA  0.8112 

FCF  50  pM 

20.6  ±  1.1 

56.5  ±  2.9 

15 

Recovery  0.5060 

a-tubulin-GFP  microtubules 

DMSO 

13.5  ±  2.0 

54.6  ±  4.6 

14 

txA  0.5477 

FCF  50  pM 

15.1  ±  1.7 

51.4  ±  3.0 

14 

Recovery  0.5651 
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cells  stably  expressing  SEPT2-YFP 
(18).  From  the  profile  of  fluores¬ 
cence  recovery,  we  calculated  the 
mobile  fraction  and  half-time  of  flu¬ 
orescence  recovery  (ty2)  of  SEPT2- 
YFP  (see  “Experimental  Proce¬ 
dures”).  The  mobile  fraction  of 
SEPT2-YFP  filaments  was  66.6  ± 
3.5%  in  the  presence  of  DMSO  when 
compared  with  53.7  ±  5.1%  in  the 
presence  of  FCF  (Fig.  3,  A  and  B,  and 
Table  1).  The  difference  in  the 
mobile  fraction  indicates  that  FCF 
increased  the  stable,  immobile  frac¬ 
tion  of  septin  filaments.  FCF  treat¬ 
ment  also  resulted  in  a  doubling  of 
the  half-time  of  fluorescence  recov¬ 
ery  (73.5  ±  4.5  s  versus  38.9  ±  4.0  s, 
Fig.  3,  A  and  B,  Table  1,  and  supple¬ 
mental  movies  3  and  4).  Since 
SEPT2-YFP  dynamics  reflect 
mainly  the  association  and  dissocia¬ 
tion  of  septin  complexes  into  fila¬ 
mentous  structures  (the  recovery  is 
much  slower  than  free  cytoplasmic 
diffusion),  we  derived  the  dissocia¬ 
tion  rate  constant  /<off  ( koff  =  In2/^) 
of  SEPT2-YFP  as  described  previ¬ 
ously  for  FRAP  analysis  of  cytoskel- 
eton-binding  proteins  (44,  45). 
SEPT2-YFP  in  FCF-treated  cells 
had  a  koff  of  9.8  ±  0.6  X  10-3  s-1 
when  compared  with  14.8  ±  1.1  X 
ICC3  s-1  in  DMSO-treated  cells. 
This  further  suggests  that  FCF  sta¬ 
bilizes  septin  complexes  into  high¬ 
er-order,  less  dynamic  filamentous 
structures. 

To  test  the  specificity  of  FCF  on 
septins,  similar  experiments  were 
performed  in  cells  stably  express¬ 
ing  actin-GFP  or  n-tubulin-GFP. 
FCF  had  no  effect  on  actin  micro¬ 
filament  or  microtubule  dynamics 
when  compared  with  the  DMSO  con¬ 
trol  (Fig.  3,  C  and  D,  and  Table  1). 

These  FRAP  studies  on  septin 
filaments,  actin,  and  microtubule 
filaments  demonstrate  that  FCF 
stabilizes  septin  filaments  by 
decreasing  the  mobile  fraction  and 
koff  of  septins  and  that  neither 
actin  microfilament  nor  microtu¬ 
bule  dynamics  is  affected  by  FCF. 
This  result  is  consistent  with  our 
observations  that  FCF  caused 
increased  assembly  of  septin  com¬ 
plexes  into  large  filamentous 
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structures  in  vitro  but  had  little  effect  on  either  actin  or 
tubulin  polymerization  (Fig.  1). 

FCF  Causes  Mitotic  Defects— Given  that  septins  have  impor¬ 
tant  functions  in  mitosis  (13,  18,  19)  and  FCF  is  able  to  change 
septin  organization  and  dynamics,  we  sought  to  examine 
whether  FCF  caused  mitotic  defects.  FCF  treatment  of  MDCI< 
and  HeLa  cells  for  8  h  caused  an  increase  in  the  percentage  of 
mitotic  cells  (Fig.  4,  A  and  D ).  These  cells  appeared  to  be 
delayed  in  prophase/prometaphase  (Fig.  4,  B  and  E).  Time- 
lapse  microscopy  of  HeLa  cells  expressing  histone  2B-GFP 
revealed  an  increase  in  the  average  duration  of  mitosis  in  FCF- 
treated  cells  (125  ±  8.7  min;  n  =  70)  when  compared  with 
DMSO-treated  cells  (81.7  ±  3.9  min;  n  =  70).  In  these  movies, 
histone  2B-GFP  labeled  chromosomes  of  the  cells  treated  with 
FCF  failed  to  properly  congress  and  align  at  the  metaphase  plate 
(supplemental  movies  5-7).  Similar  failure  in  chromosome 
congression  and  alignment  was  observed  in  FCF-treated 
MDCI<  cells  (Fig.  4C,  arrows).  These  data  resemble  the  effects 
of  SEPT2  and  SEPT7  depletion  in  chromosome  alignment  (18, 
19),  which  are  caused  by  mislocalization  of  CENP-E,  a  mitotic 
motor  that  is  required  for  proper  kinetochore-microtubule 
attachment.  To  examine  whether  the  localization  of  CENP-E  is 
disrupted  upon  FCF  treatment,  mitotic  MDCI<  cells  were 
stained  for  CENP-E  and  the  kinetochore  marker  protein 
CREST  (Fig.  4C).  Quantitative  analysis  of  these  images  revealed 
a  reduction  in  the  percentage  of  kinetochores  that  contained 
CENP-E  (20.8  ±  0.7%  in  FCF-treated  cells  versus  40.6  ±  1.9%  in 
DMSO-treated  cells;  n  =  10).  In  addition,  CENP-E  was  often 
observed  to  mislocalize  outside  the  kinetochore  regions  of 
mitotic  chromosomes  (Fig.  4C,  arrowheads). 

Since  previous  studies  have  shown  that  septin  disruption 
results  in  cytokinesis  defects  (20,  21),  we  tested  whether  FCF 
has  similar  effects  downstream  of  chromosome  alignment.  Syn¬ 
chronized  HeLa  cells  were  arrested  in  prophase/prometaphase 
and  treated  with  FCF  at  various  time  points  after  release  into 
mitosis  (Fig.  4 F).  Although  early  FCF  treatments  delayed  the 
transition  from  prophase/prometaphase  to  metaphase,  FCF 
treatments  after  a  2.5-h  release  into  mitosis  delayed  the  transi¬ 
tion  from  telophase/cytokinesis  to  interphase.  These  data  are 
consistent  with  a  septin  function  in  cytokinesis  (13,  20,  21).  In 
summary,  our  results  indicate  that  FCF  may  cause  mitotic 
defects  by  disrupting  septin  organization  and  dynamics  during 
cell  division. 

FCF  Impairs  Cell  Migration— Having  investigated  the  spe¬ 
cific  effects  of  FCF  on  septin  organization  and  dynamics,  we 
examined  whether  FCF  affects  cell  migration,  which  has  been 
previously  shown  to  be  disrupted  by  septin  mutants  (47).  We 
used  a  single  cell  motility  assay  (Fig.  5,  A  and  B )  and  a  “wound¬ 


healing”  assay  (Fig.  5,  C  and  D)  to  evaluate  the  effects  of  FCF  on 
cell  migration.  In  the  single  cell  motility  assay,  HeLa  cells  were 
plated  on  fluorescent  beads  and  treated  with  50  pM  FCF  or 
DMSO  for  16  h;  as  the  cells  migrate  during  this  time,  they 
remove  beads  by  endocytosis,  leaving  behind  a  cleared  area 
devoid  of  beads  that  is  a  direct  measure  of  the  area  covered  by 
the  cell  (Fig.  5 A,  areas  outlined  by  the  red  lines).  Quantification 
of  the  surface  areas  covered  by  HeLa  cells  clearly  indicates  that 
FCF  inhibited  cell  migration  (Fig.  SB).  In  the  wound-healing 
assay,  cell  monolayers  were  scratched  to  remove  a  line  of  cells, 
which  were  then  filled  in  by  cells  migrating  in  from  the  edges  of 
the  monolayer.  This  assay  also  reveals  that  FCF  decreased  the 
rate  of  MDCI<  and  HeLa  cell  migration  (Fig.  5,  C  and  D,  and 
supplemental  movies  8  and  9). 

To  test  directly  whether  septins  are  involved  in  cell  migra¬ 
tion,  we  knocked  down  SEPT2  in  HeLa  cells  and  performed  the 
single  cell  motility  assay.  We  found  that  upon  SEPT2  knock¬ 
down,  the  average  surface  area  traveled  by  knockdown  cells  was 
reduced  by  —50%  when  compared  with  control  cells  (supple¬ 
mental  Fig.  3).  These  data  are  consistent  with  previous  studies 
showing  cell  motility  defects  upon  exogenous  expression  of 
septin  mutants  (47).  Taken  together,  these  results  show  that 
disruption  of  septin  organization  and  dynamics  by  FCF  treat¬ 
ment  results  in  defects  in  cell  migration  that  phenocopy  the 
effects  of  septin  depletion  by  siRNA. 

DISCUSSION 

Septins  comprise  a  filamentous  system  with  regulatory  and 
structural  properties  for  diverse  cellular  functions.  Function¬ 
blocking  antibodies  and  siRNAs  have  been  used  to  study  septin 
functions,  but  these  reagents  are  not  readily  reversible,  and  the 
time  scale  of  their  use  leads  to  cumulative  effects.  Therefore, 
small  molecules  that  perturb  septin  organization  quickly  and 
reversibly  would  be  powerful  tools  to  dissect  septin  organiza¬ 
tion  and  functions. 

An  earlier  study  showed  that  the  small  molecule  compound 
FCF  disrupted  septin  organization  and  caused  cytokinesis 
defects  in  budding  yeast  (42).  However,  that  study  did  not  show 
whether  FCF  acted  directly  and  specifically  on  septins,  and  if  so, 
how  FCF  acted  on  septins  and  whether  FCF  could  be  used  as  a 
tool  to  study  mammalian  septin  organization  and  functions. 
Our  results  show  that  FCF  specifically  altered  septin  assembly 
in  vitro  but  did  not  affect  actin  or  tubulin  polymerization.  These 
observations  are  in  agreement  with  our  studies  in  mammalian 
cells  showing  that  FCF  induced  changes  in  septin  organization 
from  short,  thin  fibrilla  to  long,  thick  bundle-like  filaments. 
These  effects  of  FCF  in  cells  were  reversible.  In  summary,  FCF 
targets  the  filamentous  assembly  of  divergent  septin  isoforms 


FIGURE  4.  FCF  causes  mitotic  defects.  A,  the  bar  graph  shows  the  mitotic  index  (mean  ±  S.E.)  of  MDCK  cells  after  treatment  with  DMSO  or  50  juM  FCF  for  8  h. 
Mitotic  cells  were  identified  by  staining  with  DAPI  and  anti-a-tubulin  and  calculated  as  the  percentage  of  total  MDCK  cells  (n  =  —1800;  three  independent 
experiments).  B,  the  bar  graph  shows  the  percentage  (mean  ±  S.E.)  of  DMSO-  (n  =  —  1 00)  and  FCF-treated  [n  =  —  1 50)  mitotic  cells  in  prophase/prometaphase 
{pro/pro  met  a),  metaphase  ( meta ),  and  anaphase/telophase  ( ana/telo ).  Results  are  representative  of  three  independent  experiments.  C,  maximum  intensity 
projections  of  deconvolved  optical  sections  from  FCF-  and  DMSO-treated  (50  piM;  8  h)  MDCK  cells  stained  for  CENP-E,  CREST  and  DNA  (DAPI).  Arrows  point  to 
misaligned  chromosomes;  arrowheads  point  to  CENP-E  accumulations  outside  the  kinetochore  regions.  Scale  bars,  5  ptm.  D,  the  bar  graph  shows  the  mitotic 
index  (mean  ±  S.E.)  of  HeLa  cells  after  treatment  with  DMSO  (n  =  —800)  or  50  pM  FCF  (n  =  —500)  for  8  h.  Results  are  representative  of  three  independent 
experiments.  E,  the  bar  graph  shows  the  percentage  (mean  ±  S.E.)  of  DMSO- (n  =  —150)  and  FCF-treated  (n  =  — 150)  mitotic  cells  in  prophase/pro-metaphase, 
metaphase,  and  anaphase/telophase.  Results  are  representative  of  three  independent  experiments.  F,  after  a  thymidine-nocodazole  block,  HeLa  S3  cells  were 
released  into  mitosis  for  1  {TNI),  2  {TN2),  and  3  {TN3)  h.  For  each  time  point,  FCF  (50  puvi)  or  DMSO  was  added  in  the  medium  30  min  prior  to  fixation  and  staining 
with  DAPI.  The  stack  bar  graphs  show  the  percentage  of  HeLa  cells  (n  =  —400)  in  interphase  and  each  phase  of  mitosis. 
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FIGURE  5.  FCF  impairs  cell  migration.  A,  representative  images  from  HeLa  cell  motility  assays.  HeLa  cells  were  plated  on  glass  coverslips  coated  with  green 
fluorescent  beads,  incubated  in  medium  containing  DMSO  or  5, 25,  or  50  puvi  FCF,  and  fixed  16  h  later.  Red  lines  mark  the  areas  traveled  by  FleLa  cells.  B,  the  bar 
graph  shows  the  surface  areas  (mean  ±  S.E.,  n  =  20)  traveled  by  FleLa  cells  after  treatment  with  different  concentrations  of  DMSO  or  FCF;  ****,  p  <  0.0001 . 
C,  representative  differential  interference  contrast  images  from  FleLa  {left;  supplemental  movie  8)  and  MDCK  {right;  supplemental  movie  9)  wound-healing 
assays  at  different  time  points.  Cell  monolayers  were  wounded  with  a  pipette  tip  and  then  imaged  in  medium  containing  DMSO  or  50  pM  FCF.  D,  the  plots  show 
the  changes  in  wounded  surface  area  (mean  ±  S.E.;  three  independent  experiments  for  each  cell  type  and  eight  areas  imaged  for  each  experiment)  as  a 
function  of  time  in  cell  monolayers  treated  with  DMSO  {black  squares)  or  50  /xm  FCF  {gray  circles). 


[eg.  Cdc3/10/ll/12  (42),  SEPT2,  SEPT7)  reversibly  and  across 
species. 

To  elucidate  how  FCF  acts  on  septins,  we  examined  SEPT2 
dynamics  in  vivo  using  FRAP.  The  results  reveal  that  FCF 
increased  both  the  half-time  of  recovery  and  the  immobile  frac¬ 
tion,  indicating  an  increase  in  the  stability  of  septin  filaments. 
This  is  consistent  with  the  FCF-induced  changes  in  septin  orga¬ 
nization  observed  both  in  vitro  (Fig.  1)  and  in  cells  (Fig.  2). 
Moreover,  our  FRAP  data  indicate  that  the  thick  bundle-like 
septin  filaments  induced  by  FCF  arise  from  a  decrease  in  the  koii 
of  septin  assembly  (lower  dissociation  rate),  which  progres¬ 
sively  results  in  accumulation  of  abnormally  large  filamentous 
structures. 

FCF-induced  changes  in  septin  dynamics  and  organization 
resulted  in  cell  morphology  changes,  mitotic  defects,  and 
decreased  cell  migration.  These  phenotypes  are  similar  to  those 
reported  from  septin  depletion  and  overexpression  studies  (13, 
18,  21,  47).  We  suggest  that  stabilization  of  septin  filaments  by 
FCF  reduces  the  turnover  rate  of  septin  filaments  and  therefore 
the  relative  abundance  of  cytoplasmic  and  filamentous  septins, 
which  is  critical  for  their  function.  These  results  are  in  accord¬ 
ance  with  the  effects  of  septin  depletion  or  overexpression, 
which  alter  overall  septin  organization  and  function. 

FCF  provides  a  high  degree  of  temporal  control  over  septin 
function,  acting  within  1  h  (Fig.  2 B),  and  is  reversible  (Fig.  2C); 
therefore,  it  may  prove  more  useful  than  siRNA  as  a  probe  for 
septin  functions.  Taken  together,  our  results  show  that  FCF 


alters  mammalian  septin  assembly  in  vitro  and  alters  septin 
organization  and  dynamics  in  cells  by  stabilizing  septin  fila¬ 
ments.  These  results  suggest  that  FCF  will  be  useful  as  a  tool  to 
study  septin  biology.  With  low  levels  of  cytotoxicity,  anti-mi¬ 
totic,  and  anti-migratory  efficacies,  FCF  could  be  considered  as 
a  septin-based  anti-tumorigenic  agent. 
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In  epithelial  cells,  polarized  growth  and  maintenance  of 
apical  and  basolateral  plasma  membrane  domains  de¬ 
pend  on  protein  sorting  from  the  trans-Golgi  network 
(TGN)  and  vesicle  delivery  to  the  plasma  membrane.  Septins 
are  filamentous  GTPases  required  for  polarized  membrane 
growth  in  budding  yeast,  but  whether  they  function  in  epi¬ 
thelial  polarity  is  unknown.  Here,  we  show  that  in  epithelial 
cells  septin  2  (SEPT2)  fibers  colocalize  with  a  subset  of 
microtubule  tracks  composed  of  polyglutamylated  (polyGlu) 
tubulin,  and  that  vesicles  containing  apical  or  basolateral 
proteins  exit  the  TGN  along  these  SEPT2/polyGlu  micro- 


Introduction 

The  plasma  membrane  of  polarized  columnar- shaped  epithelial 
cells  is  segregated  into  functionally  distinct  apical  and  baso¬ 
lateral  domains  that  face  different  biological  compartments  and 
regulate  vectorial  transport  of  ions  and  solutes.  Biogenesis  of 
these  membrane  domains  and  maintenance  of  cell  shape  depend 
on  protein  sorting  during  vesicle  budding  from  the  TGN  and 
endosomes,  transport  of  vesicles  along  the  actin  and  micro¬ 
tubule  cytoskeleton,  and  their  fusion  with  the  appropriate  mem¬ 
brane  domain  (Griffiths  and  Simons,  1986;  Matter  and  Mellman, 
1994;  Mostov  et  al.,  2000;  Rodriguez-Boulan  et  al.,  2005). 

The  microtubule  cytoskeleton  is  involved  in  long-range 
transport  of  vesicular  carriers  and  in  the  morphogenesis  of 
columnar-shaped,  polarized  epithelial  cells  (Musch,  2004). 
During  polarization,  microtubules  are  organized  into  a  vertical 
network  that  orients  along  the  apicobasal  cell  axis  (Musch, 
2004;  Rodriguez-Boulan  et  al.,  2005).  TGN-derived  vesicular 
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tubule  tracks.  Tubulin-associated  SEPT2  facilitates  vesicle 
transport  by  maintaining  polyGlu  microtubule  tracks  and 
impeding  tubulin  binding  of  microtubule-associated  protein  4 
(MAP4).  Significantly,  this  regulatory  step  is  required  for 
polarized,  columnar-shaped  epithelia  biogenesis;  upon 
SEPT2  depletion,  cells  become  short  and  fibroblast-shaped 
due  to  intracellular  accumulation  of  apical  and  basolateral 
membrane  proteins,  and  loss  of  vertically  oriented  polyGlu 
microtubules.  We  suggest  that  septin  coupling  of  the  micro¬ 
tubule  cytoskeleton  to  post-Golgi  vesicle  transport  is  required 
for  the  morphogenesis  of  polarized  epithelia. 


carriers  associate  with  microtubules  (Van  der  Sluijs  et  al.,  1990; 
Hirschberg  et  al.,  1998;  Toomre  et  al.,  1999),  and  disruption  of 
the  microtubule  cytoskeleton  and  its  motor  proteins  reduces  the 
efficiency  of  apical  and  basolateral  protein  delivery  to  their  re¬ 
spective  membrane  domains  (Rindler  et  al.,  1987;  Lafont  et  al., 
1994;  Grindstaff  et  al.,  1998;  Kreitzer  et  al.,  2000;  Jaulin  et  al., 
2007).  How  release  and  transport  of  vesicles  from  the  Golgi 
complex  to  the  plasma  membrane  are  coordinated  with  micro¬ 
tubule  organization  is  unknown. 

In  the  budding  yeast  Saccharomyces  cerevisiae,  polar¬ 
ized  membrane  growth  is  spatiotemporally  coordinated  by 
septins  (Barral  et  al.,  2000;  Gladfelter  et  al.,  2001),  a  family  of 
conserved  filamentous  GTPases  that  associate  with  cell  mem¬ 
branes  and  the  cytoskeleton  (Spiliotis  and  Nelson,  2006). 
In  mammalian  cells,  septins  bind  to  microtubules  (Surka  et  al., 
2002;  Nagata  et  al.,  2003;  Spiliotis  et  al.,  2005),  but  the  func¬ 
tional  significance  of  this  association  in  interphase  cells  and 
the  role  of  septins  in  the  morphogenesis  of  polarized  epithelia 
are  unknown.  Here,  we  examine  the  distribution  and  function 
of  the  mammalian  SEPT2  with  respect  to  the  microtubule 
cytoskeleton  of  Madin-Darby  canine  kidney  (MDCK)  cells. 
We  show  that  SEPT2  associates  with  a  distinct  subset  of  micro¬ 
tubule  tracks  and  is  required  for  efficient  Golgi-to-plasma 
membrane  transport  and  the  morphogenesis  of  columnar-shaped 
epithelial  cells. 
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Figure  1 .  SEPT2  fibers  localize  to  TGN  sites  of  apical  and  basolateral  pro¬ 
tein  export.  (A  and  B)  Subconfluent  monolayers  of  MDCK  cells  were  stained 
with  SEPT2  and  pi  15  antibodies,  and  imaged  by  confocal  microscopy. 
Optical  sections  from  the  bottom,  middle,  and  top  of  the  highlighted  Golgi 
region  are  shown  at  higher  magnification  (B).  (C  and  D)  MDCK-SEPT2- 
YFP  cells  were  transiently  transfected  with  gpi-CFP  or  GalTase-CFP,  and 
imaged  by  time-lapse  microscopy  at  37°C.  Non-neighbor  deconvolution 
was  applied  and  linear  dynamic  ranges  were  renormalized  equally  across 


Results  and  discussion 

Immunofluorescence  microscopy  of  nonpolarized  MDCK  cells 
with  antibodies  to  SEPT2  and  the  Golgi  resident  protein  pi  15 
revealed  a  juxtanuclear  tuft  of  SEPT2  fibers  closely  apposed  to 
the  Golgi  complex  (Fig.  1,  A  and  B).  SEPT2  fibers  co-aligned 
with  microtubules  (Fig.  SI  A,  available  at  http://www.jcb.org/ 
cgi/content/full/jcb.2007 1 0039/DC  1),  and  their  distribution  was 
dependent  on  microtubule  structural  integrity  (Fig.  SI  B).  Because 
formation  and  transport  of  Golgi-derived  vesicles  occur  along 
microtubules  (Hirschberg  et  al.,  1998;  Toomre  et  al.,  1999),  we 
determined  if  SEPT2  localized  to  sites  of  vesicle  export  from 
the  Golgi  complex.  We  used  high  resolution  live-cell  imaging 
of  MDCK  cells  that  stably  expressed  a  YFP-tagged  SEPT2  at 
sub-endogenous  levels  (Spiliotis  et  al.,  2005)  and  transiently  co¬ 
expressed  marker  proteins  of  either  the  apical  (CFP-tagged  glycosyl 
phosphatidylinositol  [gpi]  or  neurotrophin  receptor  protein  75 
[p75])  or  basolateral  membrane  (CFP-tagged  vesicular  stoma¬ 
titis  virus  G  protein  [VSV-G]  or  low  density  lipoprotein  receptor 
[FDF-R]).  Note  that  SEPT2-YFP  fibers  colocalized  with  micro¬ 
tubules  around  the  TGN  similar  to  endogenous  SEPT2  (Fig.  1  F). 
Strikingly,  the  majority  of  tubular-vesicular  carriers  containing 
apical  (Fig.  1  C;  Video  1  and  Fig.  S2,  B  and  D)  or  basolateral 
marker  proteins  (Fig.  S2,  C  and  E)  exited  the  Golgi  complex 
along  SEPT2-YFP  fibers  (Fig.  1  E).  In  contrast,  membrane  tu¬ 
bules  containing  a  TGN  resident  protein  (galactosyltransferase; 
GalTase)  rarely  overlapped  with  SEPT2-YFP  fibers  (Fig.  1,  D 
and  E;  Video  2;  Fig.  S2  A). 

In  some  instances  SEPT2- YFP  was  not  static  but  traversed 
the  cytoplasm  as  tubular- vesicular  elements  (Video  3)  with  in¬ 
stantaneous  velocities  (0.38  ±  0.16  p,m/s;  n  =  33)  similar  to 
those  of  kinesin-driven  vesicles  (Toomre  et  al.,  1999).  Consis¬ 
tent  with  this  observation,  and  with  septin  binding  to  membrane 
phosphoinositides  (Zhang  et  al.,  1999)  and  synaptic  vesicles 
(Beites  et  al.,  1999),  SEPT2  cofractionated  with  vesicle  mem¬ 
branes  that  contained  exocytic  cargo  (E-cadherin)  and  the  small 
GTPase  Rab8  (Fig.  S3).  SEPT2  also  colocalized  with  Golgi- 
derived  membrane  tubules  induced  by  expression  of  the  inactive 
form  of  protein  kinase  D1  (PKD-K618N;  Fig.  1  G),  which  blocks 
fission  from  the  TGN  of  vesicles  that  are  specifically  destined 
for  the  plasma  membrane  (Filjedahl  et  al.,  2001). 

To  test  if  SEPT2  is  required  for  vesicle  transport  from  the 
TGN  to  the  plasma  membrane,  SEPT2  organization  was  dis¬ 
rupted  by  microinjecting  cells  with  anti-SEPT2  IgGs  and  exam¬ 
ining  the  effects  on  trafficking  of  the  basolateral  membrane 
marker  VSV-G  (ts045- VSV-G- YFP)  and  the  apical  membrane 
marker  p75-GFP.  In  the  presence  of  anti-SEPT2  IgGs,  delivery 


the  entire  image  to  enhance  the  fluorescence  intensity  of  tubular-vesicular 
structures.  Arrows  point  to  tubular  vesicular  elements  extending  from  the 
Golgi  complex.  (E)  Tubular-vesicular  carriers  containing  CFP-tagged  gpi, 
GalTase,  VSV-G,  and  p75  were  scored  for  overlap  with  SEPT2-YFP  fibers 
(n  =  80-100;  mean  values  ±  SEM  from  three  independent  experiments). 
(F)  3D-rendered  confocal  images  of  a  Golgi  region  from  MDCK-SEPT2- 
YFP  cells  stained  with  a-tubulin  and  furin  convertase  antibodies.  (G)  HeLa 
cells  were  transfected  with  the  protein  kinase  D1  mutant  PKD-K618N 
(PKD1-KD)  tagged  with  GST.  Cells  were  stained  with  GST  and  SEPT2  anti¬ 
bodies.  Arrowheads  point  to  a  PKD-K61  8N-containing  tubular  extension. 
Bars,  ^5  (Jim. 
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Figure  2.  SEPT2  is  required  for  efficient  Golgi-to-plasma  membrane  transport  of  basolateral  and  apical  membrane  proteins.  (A  and  B)  Preimmune  (mock; 
blue)  or  anti-SEPT2  (red)  IgGs  were  microinjected  into  MDCK  cells  with  plasmid  vectors  encoding  for  the  temperature-sensitive  mutant  of  the  basolateral 
membrane  protein  VSV-G  (ts045-VSV-G-YFP;  A)  or  the  apical  protein  p75-GFP  (B).  After  accumulation  of  ts045-VSV-G-YFP  and  p75-GFP  in  the  Golgi 
complex  at  1  9°C,  live  cells  were  imaged  at  32°C.  Arrows  point  to  the  plasma  membrane  of  cell-cell  contacts;  arrowheads  point  to  juxtanuclear  Golgi 
regions.  Bars,  jxm.  (C  and  D)  Net  fluorescence  intensities  of  cell  surface  (plasma  membrane)  and  juxtanuclear  Golgi  regions  were  measured.  Scatter 
plots  show  ratios  (mean  values  ±  SEM;  n  =  6)  of  plasma  membrane  to  Golgi  fluorescence  for  ts045-VSV-G-YFP-  (C)  and  p75-GFP-expressing  cells  (D).  Data  are 
representative  of  three  different  experiments. 


of  ts045-VSV-G-YFP  (Fig.  2,  A  and  C)  and  p75-GFP  (Fig.  2,  B 
and  D)  from  the  Golgi  to  the  plasma  membrane  was  greatly  re¬ 
duced  compared  with  that  in  the  presence  of  control  IgGs. 

Co-alignment  of  SEPT2  with  microtubules  near  the  TGN 
(Fig.  1  F  and  Fig.  SI  A)  raised  the  possibility  that  SEPT2  might 
enhance  vesicle  transport  on  a  qualitatively  and/or  functionally 
distinct  subset  of  microtubule  tracks.  Immunofluorescence  with 
antibodies  to  acetylated  and  detyrosinated  tubulin  revealed  little 
or  no  colocalization  between  these  post-translationally  modi¬ 
fied  microtubules  and  SEPT2  fibers  (unpublished  data).  In  con¬ 
trast,  the  preponderance  of  juxtanuclear/Golgi-proximal  SEPT2 
fibers  colocalized  with  microtubules  composed  of  polygluta- 
mylated  (polyGlu)  tubulin  (Fig.  3  A),  which  contains  C-terminal 
side  chains  with  2-6  glutamate  residues  (Edde  et  al.,  1990). 
When  levels  of  SEPT2  were  reduced  by  SEPT2  siRNAs,  there  was 
a  concomitant  decrease  in  the  level  of  polyGlu  microtubules 
(Fig.  3,  B  and  E),  indicating  that  SEPT2  is  required  for  the  main¬ 


tenance  of  polyGlu  microtubules.  To  further  test  whether  SEPT2 
is  required  for  tubulin  polyglutamylation,  SEPT2  was  buffered 
away  from  microtubules  by  overexpressing  its  cytoplasmic  bind¬ 
ing  partner  MAP4-GFP  (Kremer  et  al.,  2005).  Excess  cytoplas¬ 
mic  MAP4-GFP  (high  levels  of  expression;  Fig.  3,  C  and  F)  not 
only  eliminated  SEPT2  association  with  microtubules  as  re¬ 
vealed  by  loss  of  juxtanuclear/Golgi-proximal  SEPT2  fibers,  but 
also  decreased  the  level  of  polyGlu  microtubules  (Fig.  3,  C  and  F). 
These  effects  were  specific  for  MAP4  because  overexpression  of 
the  neuronal  MAP  IB  (Ding  et  al.,  2002)  (Fig.  3  D)  or  MAP8 
(unpublished  data)  light  chains  did  not  disrupt  SEPT2  fibers  or 
polyGlu  microtubules. 

We  next  examined  whether  loss  of  SEPT2  fibers  and 
polyGlu  microtubules  affected  vesicular  transport  between  the 
Golgi  and  the  plasma  membrane.  Indeed,  loss  of  SEPT2  fibers 
and  polyGlu  microtubule  tracks  upon  MAP4-GFP  overexpres¬ 
sion  resulted  in  decreased  delivery  of  ts045-VSV-G-YFP  to  the 
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Figure  3.  SEPT2  fibers  colocalize  with,  and  are  required 
for,  polyglutamylated  microtubule  tracks.  (A  and  B)  Un¬ 
treated  (A)  and  SEPT2-siRNA-treated  (B)  MDCK  cells  were 
stained  with  SEPT2  and  polyGlu  (>2  glutamate  residues) 
tubulin  (mAb  B3)  antibodies  and  imaged  by  confocal 
microscopy.  In  A,  arrows  point  to  juxtanuclear/Golgi  SEPT2 
filaments  that  colocalize  with  polyGlu-microtubule  tracks 
(see  insets  for  higher  magnification).  In  B,  the  asterisk 
marks  a  SEPT2-depleted  cell.  (C  and  D)  MDCK  cells  were 
transfected  with  MAP4-GFP  and  FLAG-tagged  AAAP1B  light 
chain  (MAPI  B-FLAG),  and  stained  with  SEPT2,  polyGlu- 
tubulin,  and  FLAG  antibodies.  Arrows  point  to  polyGlu 
microtubules  and  SEPT2  filaments  (see  insets  for  higher 
magnification),  and  arrowheads  point  to  the  juxtanuclear/ 
Golgi  regions  of  MAP-expressing  cells.  (E)  Bar  graph  shows 
mean  SEPT2  and  polyGlu  tubulin  fluorescence  (±  SEM)  in 
control  (white  columns;  n  =  1  1)  and  SEPT2  (black  columns; 
n  =  13)  siRNA-treated  cells.  **,  P  =  0.0042;  ***,  P  < 
0.0001.  (F)  Bar  graphs  show  mean  SEPT2  [n  =  19)  and 
polyGlu  tubulin  (n  =  25)  fluorescence  (±  SEM)  as  a  func¬ 
tion  of  MAP4-GFP  expression  after  binning  GFP  fluor¬ 
escence  into  low,  mid,  and  high  range  values.  *,  P  = 
0.04;  **,  P  =  0.003.  (G)  MDCK  cells  were  transfected 
with  MAP4-GFP  and  ts045-VSV-G-cherry  at  41°C  and 
then  shifted  to  32°C  for  1.5  h.  Arrowheads  (MAP4-GFP- 
expressing  cells)  and  arrows  (nonexpressing  cells)  point 
to  the  plasma  membrane  at  cell-cell  contacts.  Bar  graph 
shows  mean  (±  SEM)  ratios  of  plasma  membrane  to  intra¬ 
cellular  fluorescence  for  cells  (n  =  30)  with  low,  middle, 
and  high  levels  of  MAP4-GFP  expression  from  three  inde¬ 
pendent  experiments.  **;  P  =  0.001 ;  ***;  P  <  0.0001 . 
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SEPT2  PolyGlu 


low  mid  high 
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low  mid  high 
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plasma  membrane  (Fig.  3  G).  Direct  disruption  of  SEPT2  fibers 
in  cells  cotransfected  with  SEPT2  siRNAs  and  ts045-VSV-G- 
YFP  also  reduced  Golgi- to-plasma  membrane  transport  of  VSV-G 
(ratio  of  plasma  membrane  [PM]  to  intracellular  [IC]  fluor¬ 
escence  of  0.6  ±  0.04  [n  =  21]  vs.  1  ±  0.1  [n  =  9]  in  control  cells; 
P  <  0.0001).  However,  cotransfection  of  a  mixture  of  SEPT2 
and  MAP4  siRNAs  resulted  in  an  intermediate  VSV-G  deliv¬ 
ery  phenotype  (PM:IC  fluorescence  0.81  ±0.1  [n  =  22];  P  < 
0.003),  indicating  that  SEPT2  and  MAP4  counteract  each  other 
in  regulating  vesicle  transport  along  microtubules.  Therefore, 
in  addition  to  the  previously  characterized  role  of  cytoplasmic 


septins  in  sequestering  MAP4  from  microtubules  (Kremer  et  al., 
2005),  which  controls  the  stability  of  microtubules,  microtubule- 
associated  SEPT2  is  required  for  the  maintenance  of  a  distinct 
subset  of  microtubules  (polyGlu  microtubules)  that  facilitate 
efficient  vesicle  transport. 

To  further  examine  whether  the  polyGlu  side  chains  of  tu¬ 
bulin  or  polyGlu  tubulin-bound  SEPT2  directly  affect  MAP4- 
tubulin  binding,  we  used  a  competitive  blot  overlay  assay, 
which  has  been  used  previously  to  map  tubulin  binding  sites 
of  motors  and  MAPs  and  quantitatively  examine  the  effect  of 
tubulin  polyglutamylation  on  their  binding  (Larcher  et  al.,  1996; 


298  JCB  •  VOLUME  1  80  •  NUMBER  2  •  2008 


Downloaded  from  www.jcb.org  on  February  21 , 2008 


tubulin  (2  ng/ml) 


Ponceau  Red 


C-MBD-MAP4-GST  (Mg/ml) 

0  0.125  0.25  0.5  1  2  4 


a-GST  ► 
blot  #1 


SEPT2/6/7-His  (2  Mg/ml)  +  C-MBD-MAP4-GST  (|ig/ml) 
0  0.125  0.25  0.5  1  2  4 


a-GST  ► 
blot  #2 


[C-MBD-MAP4-GST] 

(MO/ml) 


g  tubulin  (2  pg/ml) 


a-His  ► 


I  I  I  I 


1°SEPT2/6/7-His(|j  g/ml) 

0  0.125  0.25  0.5  1  2  4 

2°  C-MBD-MAP4-GST  (2  Mg/ml) 


Ponceau  Red 


a-GST  ► 


[SEPT2/6/7-His] 

(MQ/ml) 


^  tubulin  (2  |jg/ml) 

I  ^  I 

1°  Kinesin  Heavy  Chain  (KHC)-GST  (Mg/ml) 

0  0.125  0.25  0.5  1  2  4 


Ponceau  Red 


a-GST  ► 


I  I  I  I  I  I 


2°  C-MBD-MAP4-GST  (2  Mg/ml) 


a-MAP4  ► 


[KHC-GST] 

(Mg/ml) 


Q  tubulin  (2  Mg/ml) 


■  m  m  m  m 


<  Ponceau  Red 


1°  a-polyGlu  (Mg/ml) 


a-lg  i 


2°  C-MBD-MAP4-GST  (2  Mg/ml) 


a-GST  ► 


Figure  4.  Tubulin-bound  SEPT2  complexes  inhibit 
binding  of  the  microtubule-binding  domain  of  MAP4 
(C-MBD-MAP4)  to  tubulin.  Equal  amounts  (2  pug)  °f 
purified  tubulin  were  separated  by  10%  SDS-PAGE, 
transferred  to  nitrocellulose,  and  stained  with  Ponceau 
red.  (A)  Tubulin-containing  strips  were  overlaid  with 
increasing  concentrations  (0-4  jjug/ ml)  of  GST-tagged 
C-MBD-MAP4  directly  (solid  line;  blot  #1 ),  or  first  over¬ 
laid  with  His-tagged  SEPT2/6/7  (2  jjug/ml)  and  then 
increasing  concentrations  of  C-MBD-MAP4-GST  (dot¬ 
ted  line;  blot  #2).  (B)  Tubulin-containing  strips  were 
overlaid  with  increasing  concentrations  (0-4  jjtg/ ml) 
of  His-SEPT2/6/7  (1°  overlay)  and  then  with  C-MBD- 
MAP4-GST  (2  pig/ml;  2°  overlay).  (C)  Tubulin  strips  were 
overlaid  with  increasing  concentrations  (0-4  pig/nnl)  of 
GST-tagged  kinesin  heavy  chain  (KHC-GST;  1°  overlay) 
and  then,  with  C-MBD-MAP4-GST  (2  |xg/ml;  2°  overlay). 
(D)  Tubulin  was  overlaid  with  an  increasing  concentra¬ 
tion  (0-6.4  fig/ml)  of  anti-polyGlu  tubulin  (mAb  B3; 
1°  overlay)  and  then  with  C-MBD-MAP4-GST  (2  M-g/ml; 
2°  overlay).  Tubulin-bound  proteins  were  detected  with 
GST,  His,  MAP4,  and  Ig  antibodies.  Band  intensities  were 
quantified  and  plotted  against  protein  concentrations. 


Bonnet  et  al.,  2001).  Overlaying  purified  brain  tubulin  (high 
polyGlu  content)  with  recombinant  SEPT2/6/7  complex  decreased 
tubulin  binding  of  the  C-terminal  microtubule  binding  domain 
of  MAP4  (C-MBD-MAP4)  (Fig.  4  A);  note  that  in  vivo  SEPT2 
functions  as  a  heterotrimer  with  SEPT6  and  SEPT7  (SEPT2/6/7 
complex;  see  Kinoshita  et  al.,  2002).  SEPT2  complexes  also 
decreased  C-MBD-MAP4  binding  to  tubulin  in  a  concentration- 
dependent  manner  (Fig.  4  B).  In  contrast,  increasing  concentra¬ 
tions  of  anti-polyGlu  antibody  (Fig.  4  D)  or  kinesin  heavy  chain 
(Fig.  4  C)  did  not  interfere  with  binding  of  C-MBD-MAP4  to 
tubulin.  Thus,  polyGlu  tubulin-bound  SEPT2  can  directly  inter¬ 
fere  with  MAP4-tubulin  binding. 


Having  shown  that  SEPT2  plays  roles  in  vesicular  trans¬ 
port,  we  tested  whether  SEPT2  is  required  for  the  establish¬ 
ment  of  epithelial  membrane  polarity  and  columnar  cell  shape. 
We  depleted  endogenous  SEPT2  from  nonpolarized,  “contact- 
naive”  MDCK  cells  with  siRNAs,  and  then  assayed  cell  polarity 
and  shape  in  monolayers  of  polarized  cells  grown  on  filters  (Fig.  5, 
A  and  B).  In  contrast  to  the  columnar  morphology  of  cells 
treated  with  control  siRNAs,  SEPT2-depleted  cells  lacked  an 
apical  dome  and  honeycomb  morphology  characteristic  of  a 
polarized,  columnar  epithelium  (Fig.  5  C).  Significantly,  SEPT2- 
depleted  cells  were  elongated  along  their  long  axis  and  were 
shorter  compared  with  control  cells  (Fig.  5  D).  These  defects 
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Figure  5.  SEPT2  is  required  for  the  morphogenesis  of  polarized,  columnar-shaped  epithelia.  (A)  Non  polarized,  "contact-na'fve"  MDCK  cells  were  trans¬ 
fected  with  control  and  SEPT2  siRNAs  for  60  h.  Cell  extracts  were  analyzed  by  SDS-PAGE  and  Western  blotting  with  antibodies  to  SEPT2  (red)  and  glycer- 
aldehyde-3-phosphate  dehydrogenase  (GAPDH;  green).  (B)  Schematic  of  the  experimental  setup.  (C)  Representative  dorsal  views  of  3D-rendered  confocal 
images  of  MDCK  cells  stained  for  SEPT2  and  a-tubulin.  (D)  Representative  contour  sketches  of  control  and  SEPT2-depleted  cells.  The  ratios  (mean  ±  SEM) 
of  lengths  of  major-to-minor  cell  axes  are  shown  for  control  (n  =  33)  and  SEPT2-depleted  (n  =  30)  cells  from  three  independent  experiments  (P  <  0.0001). 
Cell  heights  were  measured  from  cross  sections  (xz)  of  confocal  images  and  their  values  (mean  ±  SEM)  are  shown  for  control  [n  =  20)  and  SEPT2-depleted 
(n  =  20)  cells  (P  <  0.0001).  (E)  Representative  mid-section  confocal  images  of  MDCK  cells  stained  for  SEPT2  and  polyGlu  tubulin;  fixation/permeabilization 
conditions  differed  from  those  in  F  (see  Materials  and  methods).  Arrowheads  point  to  SEPT2  and  polyGlu  microtubules  that  run  parallel  to  the  lateral  mem¬ 
brane  in  the  apicobasal  axis.  (F)  Representative  confocal  cross  sections  (xz)  of  MDCK  cells  stained  for  SEPT2,  Na/K-ATPase,  and  gpl  35/podocalyxin. 
Asterisks  outline  SEPT2-depleted  cells;  arrowheads  point  to  lateral  cell-cell  contacts.  (G)  High  resolution  3D-rendered  images  of  the  regions  outlined  by 
arrows  in  F.  Yellow  arrows  point  to  punctate  structures  containing  gpl  35/podocalyxin  and  Na/K-ATPase.  (H)  Cartoons  of  Na/K-ATPase  (green)  and 
gpl  35/podocalyxin  (red)  localizations  in  control  and  SEPT2-depleted  cells.  (I)  Apical  (gpl  35/podocalyxin)  and  basolateral  (Na/K-ATPase)  membrane 
and  intracellular  fluorescence  intensities  were  measured  from  confocal  cross  sections  (xz)  of  control  (n  =  23)  and  SEPT2-depleted  (n  =  23)  cells.  Bar  graphs 
show  ratios  (mean  values  ±  SEM)  of  plasma  membrane  to  intracellular  fluorescence  from  three  independent  experiments  (***,  P  <  0.0001 ).  (J)  Post-nuclear 
homogenates  from  control  (red)  and  SEPT2-depleted  (blue)  MDCK  monolayers  separated  in  iodixanol  (OptiPrep)  gradients,  and  analyzed  by  SDS-PAGE 
and  blotted  with  antibodies  to  gpl  35/podocalyxin  (apical),  Na/K-ATPase  (basolateral),  caveolin  (apical  and  basolateral),  and  furin  convertase  (TGN). 
Protein  band  intensities  were  plotted  as  a  percentage  of  their  sum  intensity.  Vertical  lines  demarcate  the  peak  fractions  of  apical,  basolateral,  and  Golgi 
proteins  in  gradients  from  control  cells.  Data  are  representative  of  three  independent  experiments. 


correlated  with  a  lack  of  vertically  oriented  polyGlu  microtubules; 
note  that  in  columnar-shaped  control  cells  polyGlu  microtubules 
colocalized  with  SEPT2  fibers  parallel  to  the  lateral  membrane 
in  the  apicobasal  cell  axis  (Fig.  5  E).  Moreover,  in  SEPT2- 
depleted  cells,  levels  of  endogenous  apical  (gpl  35/podocalyxin) 
and  basolateral  (Na/K-ATPase)  membrane  markers  were  signif¬ 
icantly  reduced  from  their  respective  membrane  domains  (Fig.  5, 
F  and  I),  and  these  proteins  accumulated  intracellularly  in  punc¬ 
tate  structures  (Fig.  5,  G  and  H);  this  was  not  due  to  loss  of  the 
diffusion  barrier  between  the  apical  and  basolateral  membrane 
domains  as  tight  junctions  were  unaffected  in  SEPT2-depleted 
cells  (unpublished  data).  In  OptiPrep  density  gradients  of  mem¬ 
branes  from  control  and  SEPT2  siRNA-treated  cells  (Fig.  5  J), 
the  distribution  of  membranes  containing  gpl  35/podocalyxin  and 


Na/K-ATPase  shifted  toward  fractions  of  low  buoyant  density 
(p  =  1.03-1.08  g/ml)  compared  with  controls.  These  fractions 
did  not  contain  the  TGN  resident  protein  furin  (Fig.  5  J)  and 
their  low  densities  resembled  those  of  post-Golgi  vesicle  mem¬ 
branes  (Wandinger-Ness  et  al.,  1990;  Deretic  and  Papermaster, 
1991),  which  is  consistent  with  the  accumulation  of  gpl 35/ 
podocalyxin  and  Na/K-ATPase  in  punctate  intracellular  struc¬ 
tures  (Fig.  5  G).  Note  that  caveolin,  which  traffics  from  the 
Golgi  to  both  the  apical  and  basolateral  membranes  in  stable 
microdomains  distinct  from  the  dynamic  mechanisms  of  vesicle 
formation  that  characterize  most  membrane  proteins  (Tagawa 
et  al.,  2005),  was  unaffected  by  SEPT2  depletion  (Fig.  5  J). 

Based  on  these  data,  we  suggest  that  SEPT2  is  required 
for  efficient  Golgi-to-plasma  membrane  transport  of  vesicles 
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containing  apical  or  basolateral  membrane  proteins.  This  is  sup¬ 
ported  by:  (1)  presence  of  SEPT2  at  TGN  sites  of  plasma  mem¬ 
brane  protein  export  (Fig.  1);  (2)  decreased  post-Golgi  vesicle 
traffic  in  nonpolarized  MDCK  cells  upon  microinjection  of 
function-blocking  SEPT2  antibodies  (Fig.  2);  and  (3)  reduced 
membrane  growth  (Fig.  5,  G  and  H)  and  columnarization  (Fig.  5, 
C  and  D)  of  MDCK  cell  monolayers  upon  SEPT2  depletion. 
Although  SEPT2  is  involved  in  microtubule-dependent  vesicle 
transport  at  TGN  exit  sites,  we  cannot  exclude  the  possibility  that 
SEPT2  also  functions  in  vesicular  transport  from  and  to  post-Golgi 
compartments  (e.g.,  recycling  endosomes)  en  route  to  the  plasma 
membrane.  Recent  studies  indicate  that  apical  and  basolateral 
proteins  traffic  through  transport  intermediates  upon  exit  from 
the  TGN  (Ang  et  al.,  2004;  Fields  et  al.,  2007;  Gravotta  et  al., 
2007).  Interestingly,  SEPT2  localization  to  endosomes  and 
cell-cell  junctions  has  been  observed  in  MDCK  cells  by 
immuno-EM  (unpublished  data).  Future  studies  will  test  whether 
septins  regulate  vesicle  transport  at  these  sites  of  membrane  fis¬ 
sion  and  fusion. 

Similar  to  the  Ras-like  (e.g.,  Rab,  Rho/Rac)  and  myosin- 
kinesin  superfamilies  of  P-loop  NTPases,  septins  comprise  a 
unique  superfamily  of  GTPases  (Feipe  et  al.,  2002).  Although 
cytoplasmic  septin  complexes  have  been  shown  to  regulate 
microtubule  stability  (Kremer  et  al.,  2005),  the  function  of 
the  microtubule-associated,  filamentous  septins  is  unknown. 
We  suggest  that  SEPT2  regulates  the  efficiency  of  vesicle  transport 
by  antagonizing  MAP4,  whose  inhibitory  role  in  vesicle  trans¬ 
port  is  independent  of  its  role  in  microtubule  stability  (Bulinski 
et  al.,  1997).  Because  microtubule-associated  proteins  inhibit  the 
binding  of  TGN-derived  vesicles  to  microtubules  in  vitro  (Van  der 
Sluijs  et  al.,  1990)  and  membrane  motility  and  traffic  in  vivo 
(Bulinski  et  al.,  1997),  we  suggest  that  SEPT2  binding  to  poly- 
glutamylated  microtubules  specifies  a  functionally  distinct 
subset  of  microtubule  tracks  on  which  “fast  track”  vesicle  trans¬ 
port  occurs  without  the  impediment  of  MAP  “speed  bumps.” 
Therefore,  the  balance  between  the  levels  of  polyGlu  microtubules, 
SEPT2,  and  MAP4  may  control  the  amount  of  vesicle  transport 
to  the  plasma  membrane.  For  example,  different  amounts  of  vesicle 
transport  may  be  required  for  rapid  membrane  growth  during 
morphogenesis  of  a  columnar  epithelium  compared  with  those 
required  to  maintain  homeostasis  or  in  response  to  physiologi¬ 
cal  stress  (wound  healing).  This  type  of  regulation  may  be  im¬ 
portant  in  other  cell  types,  as  microtubule-dependent  vesicle 
transport  in  neurons  requires  polyGlu  microtubules  (Ikegami 
et  al.,  2007)  and  the  dissociation  of  MAPs  from  microtubules 
(Mandelkow  et  al.,  2004). 

Materials  and  methods 

Cell  culture  and  DNA  constructs 

HeLa  and  MDCK  clone  II  cells  were  maintained  as  described  previously 
(Spiliotis  et  al.,  2005).  The  plasmid  vector  encoding  for  ts045-VSVG3-SP- 
cherry  was  constructed  by  subcloning  mCherry  into  pVSVG3-SP-YFP-N  1 
(a  gift  from  K.  Simons,  Max  Planck  Institute  of  Molecular  Cell  Biology  and 
Genetics,  Dresden,  Germany). 

Plasmid  DNA  and  siRNA  transfections 

Plasmids  for  ts045-VSVG3-SP-cherry,  GST-tagged  PKD1-K618N  (a  gift 
from  V.  Malhotra,  CRG,  Barcelona,  Spain),  MAP4-GFP  (a  gift  from  I.  Macara, 


University  of  Virginia,  Charlottesville,  VA),  and  FLAG-tagged  MAPI  B  and 
MAP8  (gifts  from  Y.  Yang,  Stanford  University,  Stanford,  CA)  were  trans¬ 
fected  using  the  Lipofectamine  2000  reagent  (Invitrogen).  MDCK  cells 
were  transfected  with  siCONTROL  nontargeting  siRNA  #1  (Dharmacon  RNA 
Technologies),  MAP4  (ON-TARGET  plus  SMART  pool;  Dharmacon  RNA 
Technologies),  and  SEPT2  siRNA  oligonucleotides  as  described  previously 
(Spiliotis  et  al.,  2005). 

Immunofluorescence  microscopy 

Subconfluent  cell  monolayers  (Figs.  1,  3,  and  SI)  were  fixed  with  warm 
PHEM  (60  m M  Pipes-KOH,  pH  6.9,  25  m M  Hepes,  1 0  m M  EGTA,  and  1  m M 
MgCb)  containing  3%  paraformaldehyde  (PFA;  EM  Sciences)  and  0.1% 
Triton  X-100,  and  stained  with  antisera  to  SEPT2  (N5N;  rabbit  polyclonal), 
a-tubulin  (DM1  A;  Sigma-Aldrich),  pi  15  (a  gift  from  S.  Pfeffer,  Stanford 
University),  furin  convertase  (ABR),  GST  (mAb  B-14;  Santa  Cruz  Biotechnology, 
Inc.),  polyglutamylated  tubulin  (IgM  clone  B3;  Sigma-Aldrich),  FLAG  (mAb 
M2;  Sigma-Aldrich),  and  with  secondary  FITC-or  Rhodamine  red  X-conjugated 
Fjab'h  goat  or  donkey  anti-mouse  and  anti-rabbit  IgGs,  Rhodamine  red 
X-conjugated  Fjab'h  goat  anti-mouse  IgM  and  Cy5-conjugated  Fjab'k 
donkey  anti-rabbit  IgG  (Jackson  ImmunoResearch  Laboratories). 

Confluent  MDCK  monolayers  grown  on  Transwell  filters  (Figs.  5  F  and 
S4)  were  fixed  in  PBS  containing  3%  PFA  and  stained  with  antibodies  to 
SEPT2,  gpl  35/podocalyxin  (3F2/D8  mouse  hybridoma  supernatant),  and 
Na/K-ATPase  (chicken  polyclonal;  Novus).  To  stain  for  a-tubulin  and  polyGlu 
tubulin  (Fig.  5,  C  and  E),  cells  were  fixed  with  warm  microtubule  stabilizing 
buffer  (80  mM  Pipes-KOH;  pH  6.8,  5  mM  EDTA,  and  2  mM  MgCb)  contain¬ 
ing  0.5%  Triton  X-100  and  0.3%  glutaraldehyde  (EM  Sciences). 

Samples  were  imaged  in  Vectashield  mounting  medium  (Vector  Lab¬ 
oratories)  with  a  confocal  laser  scanning  microscope  (LSM  510;  Carl  Zeiss, 
Inc.)  by  obtaining  0.4-0. 8-(xm  optical  sections  with  a  1  OOx  1 .4  NA  oil  ob¬ 
jective.  Fluorescence  quantifications  (Fig.  3)  were  performed  after  importing 
LSM  images  into  Slidebook  4.2  software  (Intelligent  Imaging  Innovations). 
Data  were  binned  into  three  categories  based  on  the  range  of  GFP  fluores¬ 
cence  intensities;  0-20  arbitrary  units  (low;  e.g.,  top  right  cell  in  Fig.  3  G), 
20-40  arbitrary  units  (mid;  e.g.,  top  left  cell  in  Fig.  3  G),  or  >40  arbitrary 
units  (high;  e.g.,  top  cell  in  Fig.  3  C).  Cell  heights  were  measured  using  LSM 
software  (Carl  Zeiss,  Inc.).  The  lengths  of  the  major  and  minor  cell  axes 
were  automatically  calculated  using  the  ellipse  best-fit  module  of  the  Slide- 
book  4.2  software.  3D  volume  rendering  and  fluorescence  quantifications 
(Fig.  5  and  S4)  were  performed  with  Volocity  4.2  software  (Improvision). 
Data  were  statistically  analyzed  using  an  automated  unpaired  t  test  (http:// 
www.physics.csbsju.edu/stats/t-test.html).  Image  manipulations  were  limited 
to  renormalization  of  linear  dynamic  ranges  and  applied  equally  across  the 
entire  image.  No  gamma  corrections  were  applied. 

Microinjections  and  live-cell  imaging 

Preimmune  and  anti-SEPT2  (N5N;  0.5-1  mg/ml  needle  concentration)  sera 
were  dialyzed,  concentrated  on  Microcon  50.000  MW  columns  (Millipore), 
mixed  with  plasmid  DNA  in  10  mM  Hepes,  140  mM  KCI,  pH  7.4,  and  in¬ 
jected  into  the  cytoplasm  and  nuclei  of  cells  with  an  Eppendorf  microinjec¬ 
tion  system.  In  Fig.  1 ,  MDCK-SEPT2-YFP  cells  were  transfected  with  plasmids 
for  CFP-tagged  p75,  LDL-R  (gifts  from  E.  Rodriguez-Boulan,  Weill  Medical 
College  of  Cornell  University,  New  York,  NY),  gpi  (a  gift  from  M.  Edidin, 
The  Johns  Hopkins  University,  Baltimore,  MD),  VSV-G  or  GalTase  (gifts  from 
J.  Lippincott-Schwartz,  NICHD,  National  Institutes  of  Health,  Bethesda, 
MD).  In  Fig.  2,  ts045-VSV-G-YFP-injected  cells  were  maintained  at41°C 
for  2  h  before  shifting  the  temperature  to  32°C  for  1 0  min,  and  then  to  1  9°C 
for  30  min  in  the  presence  of  cycloheximide  (50  fxg/ml);  p75-GFP-injected 
cells  were  maintained  at  1 9°C  before  transferring  to  media  with  cycloheximide 
for  30  min.  Subsequently,  cells  were  imaged  in  cycloheximide  (10  |xg/ml) 
containing  media. 

Cells  were  imaged  in  phenol  red-free  DME  supplemented  with  25  mM 
Hepes  using  the  Marianas  system  (Intelligent  Imaging  Innovations)  equipped 
with  a  175-Watt  Xenon  light  source,  a  dual  galvanometric  filter  changer 
with  CFP  and  YFP  excitation/emission  filters,  CoolSNAP  HQ  interline  CCD 
camera,  and  a  Plan-Apo  1  OOx  1 .4  NA  oil  objective.  No-neighbors  de- 
convolution  and  post-acquisition  analysis  were  performed  using  Slidebook 
4.2.  Sum  fluorescence  intensities  for  Golgi  and  plasma  membrane  regions 
were  measured  after  image  segmentation  using  the  mask  and  pencil  tools  of 
Slidebook.  Spatial  overlap  between  tubular-vesicular  structures  and  SEPT2 
filaments  was  determined  by  the  overlap  of  YFP  and  CFP  fluorescence. 

Recombinant  proteins  and  blot  overlay  assays 

Bovine  brain  tubulin  and  GST-human  kinesin  heavy  chain  motor  domain 
were  purchased  from  Cytoskeleton,  Inc.  The  C-terminal  microtubule-binding 
domain  of  human  MAP4  (aa  654-1090;  a  gift  from  I.  Macara)  and 
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His-SEPT2/6/7  complexes  were  purified  as  previously  described  (Kinoshita 
et  al.,  2002;  Kremer  et  al.,  2005). 

In  blot  overlay  assays,  brain  tubulin  was  separated  by  10%  SDS- 
PAGE  and  transferred  onto  nitrocellulose  membranes,  which  were  stained 
with  Ponceau  S  (Sigma-Aldrich).  Membranes  were  scanned,  cut  into  strips, 
destained,  and  incubated  overnight  at  4°C  in  blocking  buffer  (10  m M  Tris 
HCI,  pH  6.8,  150  m M  NaCl,  1  m M  DTT,  0.1%  Tween  20,  5%  nonfat  dry 
milk,  and  0.5%  BSA).  Recombinant  proteins  and  antibodies  were  diluted 
in  blocking  buffer  and  overlaid  onto  membrane  strips.  To  visualize  tubulin- 
bound  proteins,  membranes  were  washed  with  TBS,  0.1%  Tween  20,  and 
incubated  in  the  same  buffer  containing  2%  BSA  and  antibodies.  Blots  were 
subsequently  incubated  with  secondary  AlexaFluor  680  and  IRDye800- 
conjugated  antibodies  and  scanned  in  a  Li-COR  infrared  imager.  Quantifi¬ 
cation  of  protein  bands  was  performed  with  the  Odyssey  Infrared  Imaging 
System  (LI-COR  Biosciences). 

MDCK  cell  fractionation  on  OptiPrep  density  gradients 
and  Western  blotting 

Non-polarized  "contact  naive"  MDCKs  were  transfected  with  siCONTROL 
and  SEPT2  siRNAs,  and  passaged  twice  while  being  maintained  in  regular 
medium  for  60  h.  Cells  (15x1 06)  were  plated  onto  collagen-coated  75-mm 
Transwell  filters  (Costar)  for  24  h,  and  ball-bearing  homogenized  in  buffer  I 
(25  mM  sucrose,  20  mM  Hepes  KOH,  pH  7.1 , 90  mM  potassium  acetate, 
2  mM  magnesium  acetate,  2  mM  Pefabloc,  and  protease  inhibitors).  Post- 
nuclear  supernatants  were  adjusted  with  buffer  I  and  OptiPrep  (Axis-Shield) 
to  30%  (wt/vol)  iodixanol,  overlaid  with  equal  volumes  of  20  and  10% 
iodixanol  solutions,  and  centrifuged  at  350,000  g  for  3  h  in  a  VTI  65.1  rotor 
(Beckman  Coulter).  Equal  volume  fractions  were  collected  from  the  top 
(p  ^1  g/ml)  through  the  bottom  (p  ^1 .3  g/ml)  of  the  gradient,  and  the  refrac¬ 
tive  index  (nr|)  of  each  fraction  was  measured  using  a  refractometer  (Bausch 
&  Lomb).  Densities  were  determined  in  g/ml  [p  =  (in  X  3.443)  -  3.599]. 
For  the  linear  portions  of  these  gradients  (fractions  1-23),  the  densities  for 
the  same  numbered  fractions  were  equivalent  across  gradients.  Fractions 
were  boiled  in  SDS  sample  buffer  and  analyzed  by  SDS-PAGE  and  immuno- 
blotting  with  antibodies  to  gpl  35/podocalyxin,  Na/K-ATPase  (a3NKA), 
caveolin  (Transduction  Laboratories),  furin  convertase  (ABR-Affinity  Bio- 
Reagents),  glyceraldehyde-3-phosphate  dehydrogenase  (6C5;  Abeam),  and 
AlexaFluor  680  goat  anti-rabbit  and  anti-mouse  IgGs  (Invitrogen).  Scanning 
of  membranes  and  quantification  of  protein  bands  were  performed  with  the 
Odyssey  Infrared  Imaging  System  (LI-COR  Biosciences). 

Subcellular  fractionation  of  vesicle  membranes 

MDCK  cells  were  homogenized  in  buffer  containing  1  0  mM  Hepes-NaOH, 
pH  7.4,  140  mM  KCI,  5  mM  EGTA,  1  mM  DTT,  2  mM  Pefabloc,  and  pro¬ 
tease  inhibitors.  Post-1  8,000  g  supernatants  were  adjusted  with  OptiPrep 
to  30%  iodixanol,  overlaid  with  equal  volumes  of  25  and  5%  iodixanol, 
and  centrifuged  at  300,000  g  for  3  h  to  obtain  a  fourth  layer  (clathrin-free 
vesicle  fraction)  at  the  interphase  between  the  5  and  25%  iodixanol  solutions. 
Vesicle  fractions  were  drawn  with  a  syringe  and  centrifuged  at  1 00,000  g 
for  1  h  in  a  TL-100  Tabletop  Ultracentrifuge  (Beckman  Coulter).  Membrane 
pellets  and  cytosolic  supernatants  were  boiled  in  SDS  sample  buffer  before 
SDS-PAGE  and  immunoblotting  with  antibodies  to  E-cadherin  (rabbit 
polyclonal  E2),  clathrin  heavy  chain  (Clone  23;  BD  Biosciences),  Rab8  (BD 
Biosciences),  and  membrin  (Assay  Designs). 

Online  supplemental  material 

Fig.  SI  shows  localization  of  SEPT2  fibers  with  respect  to  microtubules  in  un¬ 
treated  and  nocodazole-treated  MDCK  cells.  Fig.  S2  is  a  gallery  of  still  images 
from  time-lapse  movies  of  SEPT2-YFP  and  Golgi-derived  vesicular-tubular 
carriers  containing  CFP-tagged  GalTase,  gpi,  ts045-VSV-G,  p75,  and  LDL-R. 
Fig.  S3  demonstrates  SEPT2  co-fractionation  with  vesicle  membranes.  Videos 
1  and  2  are  time-lapse  movies  of  SEPT2-YFP  and  Golgi-derived  vesicular 
carriers  that  contain  CFP-tagged  gpi  and  GalTase,  respectively.  Video  3 
shows  vesicular  movement  of  SEPT2-YFP.  Online  supplemental  material  is 
available  at  http://www.jcb.org/cgi/content/full/jcb.200710039/DCl . 
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The  primary  cilium  is  a  cellular  antenna  that  detects  and 
transmits  chemical  and  mechanical  cues  in  the  environ¬ 
ment  through  receptors  and  downstream  signal  proteins 
enriched  along  the  ciliary  membrane.  While  it  is  known 
that  ciliary  membrane  proteins  enter  the  cilium  by  way 
of  vesicular  and  intraflagellar  transport,  less  is  known 
about  how  ciliary  membrane  proteins  are  retained  in, 
and  how  apical  membrane  proteins  are  excluded  from 
the  cilium.  Here,  we  review  evidence  for  a  membrane 
diffusion  barrier  at  the  base  of  the  primary  cilium,  and 
highlight  the  recent  finding  of  a  septin  cytoskeleton 
diffusion  barrier.  We  also  discuss  candidate  ciliopathy 
genes  that  may  be  involved  in  formation  of  the  barrier, 
and  the  role  of  a  diffusion  barrier  as  a  common  mecha¬ 
nism  for  compartmentalizing  membranes  and  lipid 
domains.  ©  2011  Wiley-Liss,  Inc. 

KeyWords:  primary  cilium,  ciliary  membrane  proteins, 
ciliopathy,  diffusion  barrier,  basal  body,  ciliary  pocket,  ciliary 
necklace,  transition  zone,  septins,  GTPases 

Introduction 

Cilia  are  rod-like  membrane  projections  of  several 
microns  in  length  on  the  apical  surface  of  many,  if 
not  all  cell  types  in  vertebrates  [Pazour  and  Bloodgood, 
2008].  They  are  composed  of  a  cylindrically  organized 
microtubule  axoneme  that  emanates  from  a  centriole- 
derived  structure  called  the  basal  body  [Satir  and  Chris¬ 
tensen,  2007;  Marshall,  2008].  The  ciliary  membrane  sur¬ 
rounds  the  axoneme  and  is  contiguous  with  the 
surrounding  plasma  membrane  (Fig.  1). 

Cilia  are  assembled  and  maintained  through  a  bidirec¬ 
tional  transportation  system  called  intraflagellar  trafficking 
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(IFT)  mediated  by  IFT  complexes  and  molecular  motors 
moving  along  axonemal  microtubules  [Fig.  1;  Rosenbaum 
and  Witman,  2002;  Pedersen  and  Rosenbaum,  2008; 
Pigino  et  al.,  2009;  Ishikawa  and  Marshall,  2011].  IFT  reg¬ 
ulates  cilia  assembly,  resorption  and  signaling,  and  defects 
in  IFT  proteins  are  found  in  a  variety  of  cilium-related  dis¬ 
eases  [Pazour  and  Rosenbaum,  2002;  Snell  et  al.,  2004; 
Scholey  and  Anderson,  2006;  Wang  et  al.,  2006;  Pedersen 
and  Rosenbaum,  2008]. 

Cilia  are  categorized  into  motile  or  multi-cilia  (9  +  2 
pattern  of  microtubule  structure),  and  immotile  or  primary 
cilia  (9  +  0  pattern  of  microtubule  structure)  based  on  the 
mobility  and  number  of  cilia,  and  the  organization  of  axo¬ 
nemal  microtubules  (Fig.  1).  Motile  cilia  in  the  respiratory 
airway  clear  mucus  by  beating  constantly  in  coordinated 
waves  [Shah  et  al.,  2009],  and  nodal  cilia  generate  flow  to 
specify  left-right  asymmetry  [Nonaka  et  al.,  1998;  Basu  and 
Brueckner,  2008].  Sperm  has  a  specialized  cilium  that  is 
motile  and  drives  sperm  motility.  This  class  of  motile  cilia 
will  not  be  discussed  further,  and  the  reader  is  directed  to 
several  a  recent  review  of  this  field  [Salathe,  2007]. 

The  primary  cilium  in  mammals  was  first  identified 
over  100  years  ago  [Zimmermann,  1898].  However,  it 
was  considered  a  vestigial  appendage  of  little  importance 
and  was  largely  ignored  until  the  last  decade  when  studies 
began  to  link  ciliary  dysfunction  with  genetic  diseases 
such  as  polycystic  kidney  disease  (PKD)  [Pazour  et  al., 
2000;  Bloodgood,  2009]. 

Recent  studies  have  revealed  that  the  primary  cilium  is 
the  cell  s  antenna  which  receives  and  transmits  extracellular 
signals  through  specific  receptors  on  the  ciliary  membrane 
that  initiate  cell  signaling  cascades  critical  for  normal  devel¬ 
opment  and  homeostasis  [Pazour  and  Witman,  2003;  Mar¬ 
shall  and  Nonaka,  2006;  Singla  and  Reiter,  2006; 
Eggenschwiler  and  Anderson,  2007;  Sloboda  and  Rose¬ 
nbaum,  2007;  Gerdes  et  al.,  2009;  Lancaster  and  Gleeson, 
2009] .  Also  mediated  by  the  primary  cilium  [Eggenschwiler 
and  Anderson,  2007;  Pazour  and  Bloodgood,  2008]  are 
mechanoreception  [Schwartz  et  al.,  1997;  Praetorius  and 
Spring,  2001;  Nauli  et  al.,  2003;  Malone  et  al.,  2007], 
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Fig.  1.  Scheme  of  a  fully  assembled  primary  cilium  and  ciliary  base  structures.  IFT  particles  move  with  their  cargos  (e.g.,  ciliary 
membrane  proteins)  within  the  cilia  by  the  molecular  motors  kinesin  2  (anterograde  trafficking)  and  cytoplasmic  dynein  lb/2  (retro¬ 
grade  trafficking).  At  the  ciliary  base,  transition  fiber/distal  appendages  link  the  basal  body  to  the  ciliary  base,  and  together  with  cili¬ 
ary  necklace  they  form  the  transition  zone  and  a  diffusion  barrier  for  ciliary  proteins.  Plasma  membrane  invagination  (ciliary  pocket) 
at  the  ciliary  base  appears  to  be  sites  for  endocytosis.  The  illustration  is  based  on  Rosenbaum  and  Witman  [2002]  and  EM  images 
from  Gilula  and  Satir  [1972]. 


chemoreception  [Mombaerts,  1999;  McEwen  et  al.,  2008], 
photoreception  [Besharse  and  Horst,  1990],  and  extracellular 
signaling  by  Sonic  Hedgehog  [Shh;  Huangfu  et  al.,  2003; 
Rohatgi  et  al.,  2007;  Wong  and  Reiter,  2008]  and  Wnt 
[Gerdes  and  Katsanis,  2008] ,  Planar  Cell  Polarity  (PCP)  [Ross 
et  al.,  2005;  Jones  and  Chen,  2008],  and  Platelet-Derived 
Growth  Factor-AA  (PDGF-AA)  [Schneider  et  al.,  2005]. 

Heritable  diseases,  called  ciliopathies,  are  associated  with 
ciliary  dysfunction.  They  present  clinically  with  a  complex 
combination  of  phenotypes  including  cystic  kidneys,  retinal 
degeneration,  hearing  loss,  situs  inversus,  and  other  defects: 
for  example,  PKD  [Pazour  et  al.,  2000;  Yoder  et  al.,  2002; 
Nauli  et  al.,  2003],  Bardet-Biedl  syndrome  (BBS)  [Kulaga 
et  al.,  2004;  Mykytyn  and  Sheffield,  2004],  Nephronoph- 
thisis  (NPHP)  [Hildebrandt  et  ah,  2009],  Meckel-Gruber 


syndrome  (MKS)  [Kyttala  et  al.,  2006;  Delous  et  al.,  2007], 
Joubert  syndrome  [Baala  et  al.,  2007;  Parisi  et  al.,  2007], 
Usher  syndrome  [Yan  and  Liu,  2010].  Each  syndrome  is 
caused  by  mutations  in  a  number  of  genes,  and  in  general 
the  normal  proteins  encoded  by  those  genes  localize  to  the 
primary  cilium  or  basal  body  [Badano  et  ah,  2006;  Fliegauf 
et  al.,  2007;  Sharma  et  al.,  2008]. 

Distinct  Protein  and  Lipid 
Compositions  of  the  Ciliary 
Membrane  and  Surrounding  Plasma 
Membrane 

The  ciliary  membrane  is  contiguous  with  the  surrounding 
plasma  membrane  but  retains  a  distinct  composition  of 
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lipids  and  proteins  required  for  cilia-mediated  sensing/ 
signaling  events,  ciliary  membrane  trafficking  and  cilio- 
genesis.  However,  mechanisms  for  retaining  these  proteins 
and  lipids  in  the  primary  cilia  are  not  clear. 

In  tissue  culture  cell  lines,  many  proteins  and  signaling 
pathways  are  concentrated  in  the  primary  cilium  includ¬ 
ing:  the  PKD-causing  proteins  polycystin- 1 ,  polycystin-2, 
cystin  and  polaris  [Pazour  et  ah,  2002;  Yoder  et  ah,  2002; 
Nauli  et  ah,  2003];  Shh  signaling  components  Smooth- 
ened  (Smo),  Patchedl  (Ptcl),  Gli2,  Gli3  and  (3-arrestin 
[Corbit  et  ah,  2005;  Haycraft  et  ah,  2005;  Rohatgi  et  ah, 
2007;  Kovacs  et  ah,  2008];  platelet-derived  growth  factor 
receptor  a  [Schneider  et  ah,  2005];  the  angiopoietin 
receptors  tyrosine  kinases  Tie-1  and  Tie-2  [Teilmann  and 
Christensen,  2005];  and  melanin-concentrating  hormone 
receptor  1  (Mchrl)  [Berbari  et  ah,  2008b].  Specialized 
membrane  signaling  proteins  are  also  found  in  olfactory 
cilia  such  as  membrane  and  olfactory  transduction  pro¬ 
teins  [Mayer  et  al.,  2008],  in  the  olfactory  sensory  neu¬ 
rons  of  C.  elegans  such  as  the  odorant  receptor  cyclic 
nucleotide-gated  channel  CNGBlb  [Jenkins  et  al.,  2006], 
in  motile  cilia  in  airway  epithelial  such  as  sensory  bitter 
taste  receptors  [Shah  et  al.,  2009],  and  in  the  outer 
segment,  a  specialized  cilium  of  rod  photoreceptors  that 
contain  the  photosensor,  rhodopsin  [Tam  et  al.,  2000]. 

Small  GTPases  that  mediate  trafficking  and  biogenesis 
of  ciliary  membrane  are  also  enriched  in  the  primary  cil¬ 
ium.  Rab8a  is  present  in  primary  cilia  of  cultured  cells 
and  coordinates  with  BBS  proteins  to  promote  ciliary 
membrane  growth  [Nachury  et  al.,  2007;  Knodler  et  al., 
2010;  Westlake  et  al.,  2011].  Proteomic  analyses  of  pho¬ 
toreceptors  and  Chlamydomonas  reinhardtii  revealed  that 
Rab  subfamily  members,  ADP-ribosylation  factor  (ARF) 
subfamily  members,  RAN,  and  SNARE  proteins  are 
present  in  the  sensory  cilium  and  flagellum,  respectively 
[Pazour  et  al.,  2005;  Liu  et  al.,  2007a;  Kwok  et  al., 
2008].  The  ARF-like  family  of  small  GTPases  of  the 
Ras  superfamily  are  enriched  in  the  cilium  and  muta¬ 
tions  in  Aril 3b  gives  rise  to  PKD  phenotype  in  Zebra- 
fish  [Duldulao  et  al.,  2009].  BBS  proteins  are  present  in 
primary  cilium  and  assemble  as  a  coat  on  vesicles  that 
deliver  membrane  proteins  to  the  cilium  [Nachury  et  al., 
2007;  Jin  et  al.,  2010].  Some  polarity  protein  complexes 
such  as  the  transmembrane  protein  Crumbs3  localize  to 
cilia  of  cultured  Madin-Darby  canine  kidney  (MDCK) 
cells,  and  are  required  for  ciliogenesis  [Fan  et  al.,  2007; 
Sfakianos  et  al.,  2007]. 

The  ciliary  membrane  also  maintains  a  lipid  composi¬ 
tion  different  from  that  of  the  apical  plasma  membrane. 
In  quail  oviduct,  a  high  concentration  of  cholesterol  was 
found  on  the  shaft  of  ciliary  membrane  but  not  in  the 
ciliary  necklace  enriched  in  intramembrane  particles 
[Chailley  and  Boisvieux-Ulrich,  1985].  The  trypanosome 
flagellar  membrane  is  enriched  in  sterols  and  saturated 


fatty  acids  [Tyler  et  al.,  2009].  In  addition,  lipid-raft  asso¬ 
ciated  proteins  such  as  palmitoylated  and  myristoylated 
proteins  are  targeted  to  the  ciliary  membranes  [Janich  and 
Corbeil,  2007;  Emmer  et  al.,  2009,  2010].  Several  studies 
have  linked  ciliopathy  with  defective  phosphotidylinositol 
(Ptdlns)  signaling  by  inositol  polyphosphate-5-phospha- 
tase  E  (INPP5E),  which  mediates  Ptdlns  metabolism  and 
localizes  in  the  primary  cilia.  Mutations  of  INPP5E  were 
found  in  ciliopathy  patients  and  impaired  INPP5E  phos¬ 
phatase  activity  [Bielas  et  al.,  2009;  Jacoby  et  al.,  2009]. 
Therefore,  cilia  should  be  enriched  in  INPP5E  product 
PI(4)P  and  PI(3,4)P2.  A  number  of  cilium-related  proteins 
have  been  shown  to  bind  phospholipids  including  Tubby- 
like  protein  3  and  BBSome  proteins  [Nachury  et  al., 
2007;  Jin  et  al.,  2010;  Mukhopadhyay  et  al.,  2010]. 

Lipid  rafts  and  lipid  microdomains  may  organize  a 
microenvironment  for  signal  transduction  complexes 
[Simons  and  Toomre,  2000].  It  remains  to  be  determined 
if  the  primary  ciliary  membrane  contains  lipid  rafts  and  if 
so,  whether  they  play  roles  in  cilia  sensory  functions. 
Difficulties  in  purifying  primary  cilia  and  the  lack  of  tools 
to  detect  or  manipulate  lipids  have  impeded  our  under¬ 
standing  the  function  of  lipids  in  the  ciliary  membrane 
[Mitchell  et  al.,  2009].  Nevertheless,  the  concentration 
and  restricted  distribution  of  proteins  and  lipids  in  the 
ciliary  membrane  indicate  that  the  contents  of  the  ciliary 
membrane  and  the  surrounding  plasma  membrane  are 
physically  and  functionally  separated. 

Early  Evidence  of  a  Membrane 
Diffusion  Barrier  in  the  Primary 
Cilium 

Early  studies  suggested  that  the  presence  of  a  membrane 
diffusion  barrier  at  the  base  of  the  primary  cilium  that 
physically  and  functionally  separated  the  surrounding  api¬ 
cal  plasma  membrane  and  ciliary  membrane. 

In  C.  reinhardtii ,  glycoprotein  agglutinins  which  medi¬ 
ate  the  adhesion  of  two  algae  during  mating  are  segregated 
into  two  pools  comprising  an  active  fraction  on  flagella 
and  an  inactive  fraction  on  the  plasma  membrane.  How¬ 
ever,  cell  body  agglutinins  move  into  the  flagellum  in 
response  to  mating  signal,  demonstrating  that  the  function 
barrier  can  be  opened  by  regulatory  signals  [Hunnicutt 
et  al.,  1990].  In  Chlamydomonas  eugametos ,  the  agglutina¬ 
tion  antigens  present  on  the  cell  body  are  unable  to  dif¬ 
fuse  into  the  flagellar/ciliary  membrane,  suggesting  a 
physical  barrier  at  the  base  of  the  ciliary  membrane  [Mus- 
grave  et  al.,  1986].  In  MDCK  cells,  Laurdan  staining 
showed  that  the  ciliary  membrane  has  a  condensed  lipid 
zone  of  high  lipid  order  at  the  base  of  primary  cilium, 
regarded  as  the  periciliary  membrane  domain  [Pazour  and 
Bloodgood,  2008]  and  glycosylphosphatidylinositol  (GPI) 
anchored  proteins,  while  can  diffuse  in  the  surrounding 
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plasma  membrane,  were  excluded  from  the  ciliary 
membrane  in  fixed  cells  [Vieira  et  al.,  2006]  although  a 
recent  study  using  live  cell  microscopy  indicated  that 
GPI-Green  Fluorescent  Protein  (GFP)  is  in  the  ciliary 
membrane  of  MDCK  cells  [Francis  et  ah,  2011]. 

The  outer  segment  of  photoreceptor  cells  in  the  retina 
is  a  specialized  primary  cilium  that  concentrates  the  mem¬ 
brane  protein  rhodopsin  [Besharse  et  ah,  1977].  In  photo¬ 
receptor  rod  cells,  rhodopsin  is  compartmentalized  in  the 
outer  segment  yet  diffuses  into  the  inner  segment  after 
breaching  the  connecting  cilium,  suggesting  that  the  con¬ 
necting  cilium  serves  as  a  membrane  diffusion  barrier 
between  the  inner  and  outer  segments  [Spencer  et  al., 
1988].  Interestingly,  in  retinal  rod  photoreceptors  the 
small  soluble  protein  GFP  is  able  to  diffuse  between  the 
outer  and  inner  segments  across  the  connecting  cilium, 
but  it  remains  to  be  determined  if  larger  soluble  proteins 
have  the  same  property  [Calvert  et  al.,  2010].  It  is  possi¬ 
ble,  therefore,  that  mechanisms  involved  in  retaining 
membrane  proteins  and  soluble  proteins  in  primary  cilium 
are  different.  Nevertheless,  these  data  suggest  the  presence 
of  a  membrane  diffusion  barrier  surrounding  the  ciliary 
membrane. 

Direct  Test  of  a  Membrane  Diffusion 
Barrier  in  the  Primary  Cilium  of 
Mammalian  Cells 

Ciliary  membrane  proteins  can  be  targeted  to  the  ciliary 
membrane  through  ciliary  targeting  sequences,  and  they 
become  enriched  in  the  cilum  [Tam  et  al.,  2000;  Geng 
et  al.,  2006;  Rohatgi  et  al.,  2007;  Berbari  et  al.,  2008a; 
Pazour  and  Bloodgood,  2008;  Follit  et  al.,  2009;  Tao 
et  al.,  2009;  Nachury  et  al.,  2010].  Several  hypotheses 
have  been  put  forward  to  explain  the  retention  and 
enrichment  of  ciliary  membrane  proteins:  active  transport, 
binding-retention,  and  a  membrane  diffusion  barrier  [Fig. 
2;  Emmer  et  al.,  2010;  Nachury  et  al.,  2010].  The  active 
transport  hypothesis  posits  that  newly  synthesized  proteins 
are  actively  transported  into  the  primary  cilia  to  offset 
the  constant,  free  diffusion  of  proteins  out  of  the  primary 
cilia  (Fig.  2A).  In  the  binding-retention  hypothesis, 
proteins  once  transported  into  the  primary  cilia  are 
“fixed”  in  the  primary  cilia  possibly  by  binding  to  a  ciliary 
matrix  or  the  microtubule  axoneme  (Fig.  2B).  In  diffusion 
barrier  hypothesis,  proteins  are  retained  by  a  physical 
barrier  that  prevents  proteins  from  diffusing  from  the 
ciliary  membrane  into  the  surrounding  apical  plasma 
membrane  (Fig.  2C). 

The  diffusion  of  ciliary  membrane  proteins  in  the  cili¬ 
ary  membrane  and  surrounding  apical  plasma  membrane 
of  polarized  epithelial  cells  were  measured  directly  using 
fluorescence  recovery  after  photobleaching  [FRAP;  Hu 
et  al.,  2010].  Photobleaching  of  the  whole  cilium  or 


part  of  primary  cilia  or  plasma  membrane  pool  revealed 
that  four  membrane  proteins  in  the  apical  plasma  mem¬ 
brane  and  ciliary  membrane  are  mobile,  but  do  not 
exchange,  indicating  the  presence  of  a  physical  barrier 
that  blocks  the  free  diffusion  of  those  membrane  pro¬ 
teins  between  these  two  adjacent  plasma  membrane  com¬ 
partments.  It  should  be  noted,  however  IFT88  shows 
high  turnover  and  mobility  suggesting  IFT  complexes 
may  adopt  the  active-transportation  mechanism  to  enter 
and  be  retained  within  the  primary  cilium  [Hu  et  al., 
2010].  Interestingly,  in  Chlamydomonas ,  only  a  small 
portion  of  PKD2  is  mobile  within  the  flagella  suggesting 
that  distinct  mechanisms  may  be  involved  in  retaining 
different  ciliary  membrane  proteins  in  the  ciliary  mem¬ 
brane  [Huang  et  al.,  2007].  Chlamydomonas  flagellar  pro- 
teome  showed  that  a  subset  of  membrane  proteins  are 
more  enriched  in  the  axonemal  fraction  than  in  the 
membrane  and  matrix  fraction  suggesting  their  anchorage 
to  the  axoneme  [Pazour  et  al.,  2005].  Taken  together, 
these  results  indicate  that  at  least  some  membrane  pro¬ 
teins  are  retained  in  the  ciliary  membrane  by  a  diffusion 
barrier,  and  not  by  the  active  transportation  or  binding- 
retention  hypothesis,  whereas  a  subset  of  membrane  pro¬ 
teins  such  as  PKD2  may  utilize  the  binding-retention 
mechanism  to  maintain  ciliary  localization. 

Septins  as  a  Component  of  the 
Membrane  Diffusion  Barrier  in  the 
Ciliary  Membrane 

Septins  comprise  a  large,  conserved  family  of  GTPases 
that  form  linear  heterotrimers  (heterotetramers  in  budding 
yeast)  which  in  turn  assemble  into  apolar  filaments,  bun¬ 
dles  and  rings  [Versele  and  Thorner,  2005;  Sirajuddin 
et  al.,  2007;  Bertin  et  al.,  2008].  They  play  important 
roles  in  cell  division,  cell  migration,  and  cell  morphogene¬ 
sis  by  forming  scaffolds  and  diffusion  barriers  [Kinoshita 
et  al.,  2002;  Spiliotis  et  al.,  2005,  2008;  Joo  et  al.,  2007; 
Kremer  et  al.,  2007;  Hu  et  al.,  2008;  Caudron  and  Barral, 
2009;  Oh  and  Bi,  2011]. 

Studies  in  a  several  biological  systems  indicate  that  sep¬ 
tins  assemble  into  structures  that  regulate  the  distribution 
of  membrane  proteins  between  different  compartments  of 
cells,  and  hence  have  characteristics  of  a  diffusion  barrier. 
In  budding  yeast,  septins  assemble  into  hourglass  shape 
rings  and  ordered  protein  “gauzes”  at  the  mother-daugh¬ 
ter  neck.  There,  septins  act  as  a  scaffold  to  restrict  the  dis¬ 
tribution  of  polarity  and  exocytosis  factors  [Gladfelter 
et  al.,  2001;  Faty  et  al.,  2002;  Rodal  et  al.,  2005]  and 
form  a  diffusion  barrier  between  the  mother  and  daughter 
cells  for  plasma  membrane  proteins,  the  nuclear  envelop 
and  the  endoplasmic  reticulum  to  maintain  asymmetric 
cell  division  [Barral  et  al.,  2000;  Dobbelaere  and  Barral, 
2004;  Luedeke  et  al.,  2005;  Shcheprova  et  al.,  2008]. 
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Fig.  2.  Scheme  of  three  hypotheses  to  retain  ciliary  membrane  proteins.  A:  Active  transportation  hypothesis.  Ciliary  membrane 
proteins  are  actively  targeted  and  transported  into  the  ciliary  membrane  and  they  are  able  to  diffuse  out  of  the  ciliary  membrane  into 
plasma  membrane  or  endocytosed  from  the  plasma  membrane  into  cytoplasm.  The  transportation  rate  into  ciliary  membrane  is  faster 
than  the  diffusion  rate  out  of  the  cilium,  thereby  resulting  in  the  enrichment  of  proteins  in  the  cilium.  B:  Binding- retention  hypothe¬ 
sis.  Ciliary  membrane  proteins,  once  transported  into  the  ciliary  membrane,  bind  stably  to  the  axoneme  and  are  retained.  C:  Diffu¬ 
sion  barrier  hypothesis.  Ciliary  membrane  proteins,  once  transported  into  the  ciliary  membrane  are  prevented  from  diffusing  from 
the  ciliary  membrane  by  a  physical  barrier  but  may  actively  move  within  ciliary  membrane. 


Disruption  of  the  septin  rings  results  in  mislocalization 
of  cortical  proteins  at  the  bud  neck,  and  therefore  a  fail¬ 
ure  of  cytokinesis  [Dobbelaere  and  Barral,  2004;  Versele 
and  Thorner,  2005;  Oh  and  Bi,  2011].  In  mitotic  mam¬ 
malian  cells,  septins  surround  the  midbody,  and  have 
been  proposed  to  be  a  cortical  barrier  between  the  two 
daughter  cells  [Schmidt  and  Nichols,  2004].  In  sperm, 
septin  filaments  encircle  the  cortical  membrane  between 
the  middle  and  principle  piece  of  sperm  tail;  septin  gene 
knockout  causes  a  defect  in  sperm  motility  due  to  corti¬ 
cal  disorganization  and  dispersion  of  the  membrane  pro¬ 
tein  Basigin  due  to  a  loss  of  the  septin-based  diffusion 
barrier  [Ihara  et  ah,  2005;  Kissel  et  ah,  2005;  Steels 
et  ah,  2007;  Kwitny  et  ah,  2010].  In  hippocampal  neu¬ 
rons,  septins  localize  at  the  membrane  and  at  the  base 
of  dendrite  spines;  depletion  of  septins  affects  dendritic 
branch  morphogenesis  [Tada  et  ah,  2007;  Xie  et  ah, 
2007].  In  mouse  epithelial  cells,  septins  localize  to  the 
base  of  the  primary  cilia  at  the  boundary  between  ciliary 
membrane  and  plasma  membrane,  and  between  the 
axoneme  and  distal/subdistal  appendage  proteins  of  basal 
body  [Hu  et  ah,  2010]  (Fig.  3).  In  Xenopus  epidermis, 
septins  form  ring-like  structures  at  the  base  of  cilia  in 
multi-ciliated  cells  while  exogenous,  over-expressed 
SEPT2  localizes  along  the  shaft  of  cilia  suggesting  septins 
may  play  a  role  in  the  axonemal  matrix  for  ciliary  func¬ 
tion  [Kim  et  ah,  2010]. 


Depletion  of  septins  in  both  mouse  epithelial  cells  and 
Xenopus  impairs  the  formation  and  organization  of  cilia. 
In  epithelial  cells  with  reduced  levels  of  SEPT2,  ciliary 
membrane  proteins  can  diffuse  across  the  barrier  as  meas¬ 
ured  using  FRAP  [Hu  et  ah,  2010].  Similarly,  the  enrich¬ 
ment  of  ciliary  membrane  proteins  involved  in  Shh 
signaling  is  partially  lost,  resulting  in  a  reduced  Shh 
signaling.  Thus,  SEPT2  contributes  to  the  formation  of 
the  diffusion  barrier  at  the  base  of  the  primary  cilium.  In 
Xenopus ,  septins  interact  with  PCP  signaling  proteins  and 
Fritz  [Kim  et  ah,  2010].  Septins  and  Fritz  are  in  the  same 
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Fig.  3.  SEPT2  forms  a  ring-like  structure  at  the  ciliary  base 
of  IMCD3  cells.  IMCD3  cells  were  fixed  and  stained  with 
anti-SEPT2  antibody  (green)  and  anti-acetylated  tubulin 
antibody  (red).  The  image  shows  the  primary  cilium  on  the  api¬ 
cal  membrane.  Scale  bar  ~2|im. 
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pathway  to  control  convergent-extention  and  ciliogenesis 
in  early  Xenopus  development.  In  addition,  depletion  of 
septins  or  Fritz  impairs  Shh  signaling.  Finally,  mutations  in 
the  Fritz  gene  are  found  in  patients  with  Meckel-Gruber 
and  BBSs,  although  it  is  not  known  whether  septin  muta¬ 
tions  also  exist  in  patients  with  those  ciliopathies  and 
whether  mutations  in  Fritz  in  those  patients  are  patho¬ 
genic.  The  finding  that  a  septin  cytoskeleton  is  localized  to 
sites  of  many  of  these  barriers  for  membrane  compartmen- 
talization  indicates  an  evolutionarily  conserved  mechanism 
to  organize  and  compartmentalize  membrane  structure. 

Despite  these  recent  advances,  several  important  ques¬ 
tions  remain.  First,  it  remains  unknown  how  septins  con¬ 
tribute  to  the  formation  of  the  membrane  diffusion  barrier; 
there  are  no  data  to  explain  how  septins  are  specifically 
recruited  to  the  diffusion  barrier  at  the  base  of  primary  cilia, 
sperm  annulus,  bases  of  dendritic  spins  or  midbody  of 
mitotic  cells.  Septins  can  interact  with  phospholipid  mem¬ 
branes  and  mediate  their  tubulation  [Zhang  et  al.,  1999; 
Tanaka-Takiguchi  et  al.,  2009],  and  phosphatidylinositol- 
4,5-bisphosphate  (PI(4,5)P2)  promotes  the  assembly  of 
yeast  septins  in  vitro  [Bertin  et  al.,  2010].  It  is  possible  that 
septins  locally  organize  membrane  lipids  which  in  turn 
restrict  the  mobility  of  membrane  proteins.  Alternatively, 
septins  may  bind  transmembrane  proteins  which  serve  as 
the  diffusion  barrier,  although  transmembrane  proteins  that 
interact  with  septins  have  not  been  identified. 

Second,  it  is  unknown  whether  the  septin-mediated 
membrane  diffusion  barrier  has  selectivity  for  different 
membrane  proteins,  soluble  (cytoplasmic)  proteins  of  dif¬ 
ferent  molecular  sizes,  or  peripheral  membrane  proteins 
that  bind  to  different  lipids. 

Third,  it  is  unknown  whether  and  how  ciliary  diffusion 
barriers  are  regulated.  For  example,  ciliary  membrane  pro¬ 
teins  can  be  targeted  and  transported  to  the  ciliary  mem¬ 
brane  during  ciliogenesis  indicating  that  the  barrier  either 
has  not  formed,  or  is  permissive  to  the  diffusion  of  ciliary 
membrane  proteins.  In  another  example,  Shh  binding  to 
Ptcl  results  in  Ptcl  leaving  the  ciliary  membrane  causing 
Smo  enrichment  in  the  cilia  [Corbit  et  al.,  2005;  Rohatgi 
et  al.,  2007;  Wong  and  Reiter,  2008;  Milenkovic  et  al., 
2009] .  How  the  ciliary  barrier  selectively  gates  these  recep¬ 
tors  remains  unknown.  In  this  context  it  is  interesting  to 
note  that  nuclear  transport  components  RanGTP  and 
importin- (32  mediate  the  shuttling  of  cytoplasmic  kinesin- 
2  motor  KIF17  into  cilia  [Dishinger  et  al.,  2010;  Hurd 
et  al.,  2011],  but  it  is  unknown  how  this  complex  by¬ 
passes  the  ciliary  barrier. 

Ultrastructure  of  the  Ciliary  Base 

The  diffusion  barrier  is  localized  at  the  boundary  of  apical 
plasma  membrane  and  ciliary  membrane  [Hu  et  al.,  2010] 
(Figs.  1-3).  Ultrastructural  studies  of  the  ciliary  base  shed 
some  light  on  the  structural  nature  of  the  diffusion  bar¬ 


rier.  Freeze-fracture  electron  microscopy  (EM)  revealed  a 
“ciliary  necklace”  surrounding  the  membrane  at  the  base 
of  cilia  [Fig.  1;  Gilula  and  Satir,  1972].  The  necklace  is 
composed  of  rows  of  particles  associated  with  the  mem¬ 
brane  that  are  connected  to  the  basal  body  by  appendages, 
and  was  proposed  to  form  the  membrane  diffusion  barrier 
or  organize  lipids  at  the  transitional  zone  between  the 
basal  body  and  axonemal  microtubules  [Satir  and 
Christensen,  2007;  Fig.  1].  However,  the  molecular  iden¬ 
tity  of  the  ciliary  necklace  remains  to  be  determined. 

Another  membrane  structure  at  the  base  of  the  ciliary 
membrane  comprises  the  ciliary  membrane  pocket  (Fig. 
1).  Cross-sections  of  Elliptio  lateral  cilium  revealed  a 
pocket  structure  at  the  base  of  ciliary  membrane  with  the 
ciliary  necklace  localized  on  the  inner  side  of  the  pocket 
[Sorokin,  1962;  Gilula  and  Satir,  1972].  In  Trypanosoma- 
tid,  a  protozoan  parasite  which  uses  a  single  flagellum  as 
an  invasion  tool,  a  ciliary/flagellar  pocket  also  exists  and 
appears  as  a  site  for  protein  endocytosis  and  exocytosis 
[Overath  et  al.,  1997;  Gull,  2003;  Kohl  et  al.,  2005; 
Gadelha  et  al.,  2009].  A  cytoskeleton  protein  BILBOl  at 
the  ciliary  pocket  was  identified  and  plays  an  important 
role  in  ciliary  pocket  biogenesis  [Bonhivers  et  al.,  2008]. 
A  membrane  pocket  was  also  identified  in  Xenopus  rod  pho¬ 
toreceptor  at  the  base  of  connecting  cilum  [Papermaster 
et  al.,  1985].  Additional  ultrastructural  studies  showed  a 
similar  structure  in  human  retinal  pigment  epithelial  cells, 
mouse  3T3  cells  and  some  mouse  kidney  epithelial 
(IMCD3)  cells  [Molla-Herman  et  al.,  2010;  Rohatgi  and 
Snell,  2010].  Actin  filaments  were  observed  in  the  vicinity 
of  ciliary  pocket,  possibly  mediating  the  position  of  cilium. 
Remarkably,  clathrin-coated  pits  and  vesicles  were  also 
found  exclusively  at  the  ciliary  pocket,  further  indicating 
that  they  are  sites  of  endocytic  targeting  and  recycling  of 
ciliary  membrane  proteins  [Molla-Herman  et  al.,  2010]. 

Taken  together,  a  ciliary  diffusion  barrier  protein 
complex  may  be  localized  at  the  transition  zone  (TZ) 
consisting  of  the  basal  body,  its  accessory  appendages 
(also  called  transition  fibers)  connected  to  the  ciliary 
pocket,  the  proximal  region  of  the  axoneme,  the  ciliary 
necklace  membrane  region,  and  the  Y-connector  between 
axonemal  microtubules  and  ciliary  necklace  membrane 
(Fig.  1).  This  complex  may  be  the  main  site  for  trafficking 
in  and  out  of  ciliary  membrane  and,  as  a  diffusion 
barrier,  regulate  membrane  and  cytosolic  protein  diffusion 
[Nachury  et  al.,  2010]. 

Additional  Candidates  for  the  Ciliary 
Diffusion  Barrier 

Several  proteins,  in  addition  to  septins,  have  been  identified 
at  the  ciliary  diffusion  barrier  complex/transitional  zone 
[Sharma  et  al.,  2008]  and  some  may  constitute  the  diffusion 
barrier.  Interestingly,  many  of  them  are  proteins  encoded  by 
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ciliopathy  genes.  In  C.  elegans  and  cilia  of  different 
mammalian  tissues,  the  NPHP  disease  gene  product 
NPHP1,  NPHP2/Invesin,  NPHP4/Nephroretinin,  NPHP6/ 
CEP290/MKS-4,  NPHP8/RPGRIP1L/MKS-5,  NPHP9/ 
Nek8,  and  NPHP1  l/TMEM67/MKS-3/Meckelin  are 
localized  mainly  at  the  transitional  zone  at  the  ciliary  base 
[Otto  et  ah,  2003,  2005,  2008;  Mollet  et  ah,  2005;  Simons 
et  ah,  2005;  Winkelbauer  et  ah,  2005;  Fliegauf  et  ah,  2006; 
Sayer  et  ah,  2006;  Valente  et  ah,  2006;  Delous  et  ah,  2007; 
Shiba  et  ah,  2010].  Remarkably,  in  C.  reinhardtii ,  CEP290 
is  an  integral  component  of  Y-shape  connector  that  links 
the  microtubule  doublets  to  the  ciliary  necklace  at  the  TZ; 
significantly,  cep290  mutant  causes  a  loss  of  the  Y-shape  link 
and  therefore  the  association  between  axonemal  microtu¬ 
bules  and  ciliary  membrane.  Loss  of  CEPT290  leads  to  a 
reduction  of  IFT- associated  and  membrane  proteins  in  the 
flagella  [Craige  et  al.,  2010].  Thus,  CEP290  appears  to 
function  as  a  gatekeeper  to  regulate  the  delivery  and  exit  of 
flagellar  proteins  [Betleja  and  Cole,  2010].  MKS  proteins 
MKS-1,  MKS-2/TMEM2 1 6,  MKS-3/Meckelin/TMEM67 
and  their  related  proteins  are  also  localized  to  the  ciliary 
base  and  are  required  for  ciliogenesis  [Williams  et  al.,  2008, 
2009;  Bialas  et  al.,  2009;  Dawe  et  al.,  2009;  Valente  et  al., 

20 1 0]  .  A  recent  study  systematically  characterized  the  local¬ 
ization  and  function  interaction  of  MKS  and  NPHP 
proteins  at  the  TZ  in  C.  elegans  and  demonstrated  they 
establish  the  attachment  between  basal  body/TZ  and  ciliary 
membrane  and  ciliary  gating  function  [Williams  et  al., 

2011] .  It  would  be  of  great  interest  to  determine  their 
ultrastructure  localization  and  protein  binding  profiles.  In 
Xenopus  photoreceptors,  the  Usher  syndrome  gene  products 
SANS  (USH1G),  Whirlin  (USH2D),  USH2A,  and 
VLGRlb  are  in  a  complex  that  forms  a  bridge  between  the 
connecting  cilium  and  peri  ciliary  membrane  [Liu  et  al., 
2007b;  Maerker  et  al.,  2008];  Usher  syndrome  is  a  disorder 
that  causes  combined  deafness  and  blindness  characterized 
with  degeneration  of  retinal  photoreceptors.  Retinitis 
pigmentosa  (RP)  GTPase  regulator  (RPGR)  localizes  at  the 
connecting  cilium  and  maintains  the  polarized  distribution 
of  rhodopsin  in  the  photoreceptor  cells  [Hong  et  al.,  2001; 
Roepman  et  al.,  2005;  He  et  al.,  2008];  mutations  in 
RPGR  are  a  frequent  cause  of  RP,  a  retinal  degeneration 
disease.  Basal  body  distal  appendage  protein  Cep  164  forms 
a  donut-shaped  structure  at  the  base  of  primary  cilium 
[Graser  et  al.,  2007].  Oral-facial-digital  type  I  (OFD1)  syn¬ 
drome  gene  product  OFD1  has  basal  body  and  centrosomal 
localizations  [Romio  et  al.,  2004]. 

Although  these  proteins  are  candidates  for  forming  the 
diffusion  barrier,  details  of  the  fine  structure  localization 
and  functions  of  these  proteins  networks  at  the  transi¬ 
tional  zone  and  at  the  base  of  the  cilia  remain  to  be  deter¬ 
mined.  Immuno-gold  labeling  and  super-resolution 
microscopy  could  be  used  to  further  pinpoint  their  local¬ 
ization  at  the  ciliary  base.  Tandem  affinity  purification 
system  coupled  with  sequential  mass  spectrometry  has 


been  used  successfully  to  identify  BBSomes  and  their  asso¬ 
ciated  proteins  [Nachury  et  al.,  2007],  and  this  might  be 
an  application  useful  for  the  purification  of  protein  com¬ 
plex  in  the  transitional  zone.  Protein  interactions  could  be 
verified  subsequently  by  biochemical  methods  and  genetic 
interaction  studies.  In  vitro  purification,  reconstitution, 
high  resolution  EM  and  crystal  structures  of  those  protein 
complexes  would  be  helpful  to  study  their  structure- 
function  relationships. 

Conclusions  and  Perspectives 

The  ciliary  diffusion  barrier  maintains  the  specific  concen¬ 
tration  of  ciliary  membrane  proteins  and  associated  signal¬ 
ing  complexes  within  the  cilium  compared  to  the 
surrounding  (apical)  plasma  membrane.  The  diffusion 
barrier  appears  to  be  localized  to  the  TZ  at  the  base  of 
the  ciliary  membrane,  and  consist  of  ciliary  necklace, 
the  Y-link  connecting  ciliary  necklace  and  axonemal 
microtubules,  a  septin  cytoskeleton,  and  may  include  a 
complex  protein  network  involving  proteins  encoded  by 
ciliopathy  genes. 

Many  important  aspects  of  the  diffusion  barrier  are 
poorly  understood.  First,  selectivity  of  the  diffusion  barrier 
to  different  proteins  remains  to  be  determined.  The  diffu¬ 
sion  of  additional  integral  membrane  proteins,  peripheral 
proteins  and  IFT  complex  and  associated  proteins  could 
be  tested  using  FRAP.  Soluble  proteins  of  different  sizes 
could  be  tagged  with  fluorophores  and  injected  into  or 
expressed  in  cells  and  their  distribution  observed  in  cilia. 
Interestingly,  10  kDa  fluorescently  labeled  dextrans  can 
enter  mammalian  primary  cilia  while  dextrans  of  40  kDa 
or  larger  are  excluded  from  the  ciliary  compartment  sug¬ 
gesting  a  size  exclusion  mechanism  controlling  the  ciliary 
entry  of  soluble  proteins  [Kee  et  al.,  2010].  The  underly¬ 
ing  mechanisms  involved  in  selectivity  should  be 
addressed.  Second,  the  signaling  cascades  regulating  the 
assembly,  disassembly,  and  permeability  of  the  diffusion 
barrier  are  unknown.  Third,  the  biochemical  composition 
and  structure  of  the  diffusion  barrier  are  unknown. 
Protein  complexes  encoded  by  ciliopathy  genes  at  the  TZ 
could  be  purified  and  identified,  and  their  localization  at 
the  ciliary  base  could  be  pinpointed  using  high-resolution 
immuno-gold  EM.  Protein  depletion  or  genetic  knock¬ 
outs  of  single  or  multiple  components  are  needed  to  test 
the  structural  and  functional  importance  of  specific 
proteins  and  combinations  of  proteins  at  the  TZ  of  the 
diffusion  barrier.  Once  the  molecular  nature  of  the  diffu¬ 
sion  barrier  is  defined,  animal  models  can  be  established 
to  explore  the  physiological  relevance  of  the  ciliary  diffu¬ 
sion  barrier  in  development,  homeostasis  and  diseases. 
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A  Septin  Diffusion  Barrier  at  the  Base 
of  the  Primary  Cilium  Maintains  Ciliary 
Membrane  Protein  Distribution 

Qicong  Hu,1  Ljiljana  Milenkovic,2,3  Hua  Jin,4  Matthew  P.  Scott/'3,5-8 
Maxence  V.  Nachury,4  Elias  T.  Spiliotis/*  W.  James  Nelson1,4* 

In  animal  cells,  the  primary  cilium  transduces  extracellular  signals  through  signaling  receptors 
localized  in  the  ciliary  membrane,  but  how  these  ciliary  membrane  proteins  are  retained  in  the 
cilium  is  unknown.  We  found  that  ciliary  membrane  proteins  were  highly  mobile,  but  their 
diffusion  was  impeded  at  the  base  of  the  cilium  by  a  diffusion  barrier.  Septin  2  (SEPT2),  a  member 
of  the  septin  family  of  guanosine  triphosphatases  that  form  a  diffusion  barrier  in  budding  yeast, 
localized  at  the  base  of  the  ciliary  membrane.  SEPT2  depletion  resulted  in  loss  of  ciliary  membrane 
protein  localization  and  Sonic  hedgehog  signal  transduction,  and  inhibited  ciliogenesis.  Thus, 
SEPT2  is  part  of  a  diffusion  barrier  at  the  base  of  the  ciliary  membrane  and  is  essential  for 
retaining  receptor-signaling  pathways  in  the  primary  cilium. 


The  primary  cilium  is  an  antenna-like  or¬ 
ganelle  protruding  from  the  apical  surface 
of  almost  every  cell  in  a  wide  variety  of  or¬ 
ganisms.  The  ciliary  membrane  is  contiguous  with 
the  apical  plasma  membrane  but  has  a  unique 
set  of  proteins  that  sense  and  transduce  a  variety 
of  extracellular  signals,  such  as  Sonic  hedgehog 
(Shh)  (7).  These  signaling  pathways  regulate  gene 
expression  during  development  and  in  adult  life, 


and  mutations  in  ciliary  proteins  give  rise  to  a 
range  of  developmental  defects  (2,  3). 

Signal  transduction  by  the  primary  cilium 
depends  on  the  enrichment  of  specific  proteins 
in  the  ciliary  membrane.  Protein  trafficking  and 
intraflagellar  transport  from  the  cytoplasm  into 
the  cilium  establish  the  characteristic  intra¬ 
cellular  distributions  of  ciliary  membrane 
proteins  (4,  5),  but  it  is  unknown  how  these 


proteins  are  subsequently  retained  in  the  ciliary 
membrane:  For  example,  they  might  be  immo¬ 
bilized  in  the  cilium  or  impeded  by  a  diffusion 
barrier  (6-10). 

To  investigate  these  possible  mechanisms, 
we  used  fluorescence  recovery  after  photobleach- 
ing  (FRAP)  (77)  to  measure  the  difiusional  mo¬ 
bility  of  four  ciliary  membrane  proteins  tagged 
with  green  fluorescent  protein  (GFP):  two  G 
protein-coupled  receptors  [serotonin  receptor  6 
(F1Htr6SEP)  and  somatostatin  receptor  (Sstr3GFP) 
(72)],  and  the  membrane-anchored  and  ciliary- 
targeted  cytoplasmic  tail  (amino  acids  1  to  193) 
of  fibrocystin  (ctsPKHD1gfp)  (73)  in  primary 
kidney  inner  medullary  collecting  duct  (IMCD3) 
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Fig.  1.  (A)  FRAP  of  proteins  in  the 
whole  cilium  24  hours  after  serum 
starvation.  IMCD3  cells  stably  (a)  or 
transiently  (b)  expressing  Htr6SEP  or 
IFT88yfp  (d),  and  SmoYFP  stably  expressed 
in  MEFs  treated  with  100  nM  SAG  for 
24  hours  (c);  arrowheads  mark  one  end 
of  the  cilium.  Scale  bars,  5  pm.  (B)  Ki¬ 
netics  of  average  (+SEM)  fluorescence 
recovery  of  proteins  photobleached  in 
the  whole  cilium  (a,  b;  n  =  8  to  12). 
Summary  of  fluorescence  recovery  of 
ciliary  membrane  proteins  as  a  percent¬ 
age  of  the  initial  unbleached  fluorescence 
level  compared  with  IFT88yfp  distribution 
(c;  ***P  <  0.0001).  (C)  FRAP  of  Htr6SEP 
(a),  SmoYFP  (b),  and  IFT88yfp  (c)  represented 
as  heat-map  images  after  photobleach- 
ing  part  of  the  cilium  in  IMCD3  cells; 
dotted  lines  mark  the  photobleached/ 
unbleached  boundary.  Scale  bars,  5  pm. 
(D)  Representative  example  of  kinetics  of 
fluorescence  recovery  of  photobleached 
region  (orange  curve),  unbleached 
region  (blue  curve),  and  the  two  regions 
combined  (red  curve)  of  a  primary  cilium 
G  =  12  to  13). 
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Fig.  2.  (A)  SEPT2  localization  at 
the  cilium  of  IMCD3  cells  stably 
expressing  FlHtr6SEP  (a),  MEFs  sta¬ 
bly  expressing  SmoYFP  treated  with 
100  nM  SAG  for  24  hours  (b),  and 
IMCD3  cells  stained  for  acetylated 
a-tubulin  (AcTub)  (c;  higher  mag¬ 
nification  of  boxed  region  shown 
at  the  bottom),  and  imaged  with  a 
super-resolution  Optical  Microscope 
Experimental  (OMX)  system  using 
three-dimensional  structured  illu¬ 
mination  (d).  Scale  bars,  2  jam.  (B) 
SEPT2  and  AcTub  localization  at  the 
cilium  of  IMCD3  cells  transiently 
expressing  CEP164lap  (a),  Odf2LAP 
(b)  or  PeriCTRFP  (c).  Scale  bars,  2  jam. 
(Lower  panels)  Fluorescence  intensity 
profiles  of  protein  staining  from  the 
basal  body  to  the  tip  of  the  cilium. 
(C)  IMCD3  cells  grown  for  24  hours 
without  (-)  or  with  (+)  serum  and 
stained  for  SEPT2,  a-tubulin  (a-tub), 
and  y-tubulin  (y-tub).  Scale  bars, 
2  jam.  (D)  Percentage  of  cells  with 
SEPT2  localized  at  the  base  of  pri¬ 
mary  cilia  (-serum)  or  pericentriolar 
region  (+serum).  Error  bars  repre¬ 
sent  SD  of  three  independent  ex¬ 
periments  (n  =  60  to  178  each; 
***/>  <  0.0001). 
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cells,  and  the  Shh  signaling  pathway  transducer 
smoothened  (SmoYFP)  (14)  in  mouse  embryonic 
fibroblasts  (MEF).  All  of  these  proteins  localized 
to  the  cilium,  but  none  recovered  fluorescence 
when  the  whole  cilium  was  photobleached  (Fig.  1, 
A  and  B;  fig.  SI,  A  and  B;  and  movies  SI  to  S6) 
(75),  even  though  their  mobility  was  high  in  the 
periciliary  membrane,  as  shown  for  Htr6SEP  (fig. 
SIC,  table  SI,  and  movie  S7).  In  contrast,  flu¬ 
orescence  recoveiy  of  the  intraflagellar  transport 
complex  protein  IFT88  (IFT88yfp)  (16,  17)  was 
high  (Fig.  1,  A  and  B,  table  SI,  and  movie  S8). 

The  low  diffusional  mobility  of  these  ciliaiy 
membrane  proteins  might  be  due  to  their  im¬ 
mobilization  within  the  primary  cilium  or  to  the 
presence  of  a  diffusion  barrier  at  the  base  of  the 
ciliary  membrane.  To  distinguish  between  these 
possibilities,  we  photobleached  part  of  the  cil¬ 
ium  and  measured  the  fluorescence  recovery  of 
ciliary  membrane  proteins  (Fig.  1,  C  and  D;  fig. 
SI,  D  and  E;  and  movies  S9  to  SI 3).  Strikingly, 
all  proteins  were  highly  mobile  within  the  cil¬ 
iary  membrane  (fig.  S1F  and  table  S2),  although 
fluorescence  recovery  was  still  confined  within 
the  cilium  (Fig.  1,  C  and  D,  and  fig.  SI,  D  and 
E).  Note  that  constituent  plasma  membrane  pro¬ 
teins  (GPIyfp  and  VSV-Ggfp)  were  also  excluded 
from  the  ciliary  membrane  (fig.  S2).  Therefore, 
the  diffusion  of  membrane  proteins  between  the 
ciliaiy  and  periciliaiy  membrane,  unlike  the  move¬ 
ment  of  IFT88  and  cytoplasmic  GFP  (18),  is 
impeded  at  the  base  of  the  cilium  by  a  diffusion 
barrier. 

To  identify  molecular  components  of  this 
ciliary  membrane  diffusion  barrier,  we  focused 
on  septins.  Septins  are  oligomeric  guanosine 


Fig.  3.  (A)  IMCD3  cells  transfected  with  scrambled 
(scramble)  or  SEPT2  siRNA  (siSEPT2),  serum-starved  to 
induce  ciliogenesis,  and  stained  for  SEPT2  and  AcTub. 
Scale  bars,  10  pm.  (B)  Whole-cell  lysates  of  scramble 
and  siSEPT2  cells  immunoblotted  for  SEPT2  and 
glyceraldehyde  phosphate  dehydrogenase  (GAPDH); 
lower  panel,  SEPT2  band  intensities  normalized  to 
GAPDH.  (C)  Percentage  of  scramble  and  siSEPT2  cells 
with  a  cilium  >1  pm  long  (+SD  of  three  independent 
experiments;  n  =  101  to  205  each;  **P  =  0.0098).  (D) 
IMCD3  cells  (Parental),  and  IMCD3  cells  stably  depleted 
of  SEPT2  using  shRNAl,  shRNA2,  or  shRNA3,  stained  for 
SEPT2,  AcTub,  and  4',6'-diamidino-2-phenylindole 
(DAPI).  Scale  bars,  10  jam.  (E)  Whole-cell  lysates  of 
parental  IMCD3  cells  and  three  arbitrarily  chosen  clones 
of  shRNAl,  2,  or  3  cells  immunoblotted  for  SEPT2  and 
GAPDH;  lower  panel,  SEPT2  band  intensities  normalized 
to  GAPDH,  and  percentage  of  parental  and  shRNAl, 
2,  and  3  IMCD3  cells  with  a  cilium  (n  =  115  to  282). 
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Fig.  4.  (A  and  B)  FRAP  of  the  whole  cilium  of 
parental  IMCD3  (Parental)  and  shRNAl  IMCD3 
cells  transiently  expressing  Htr6SEP  or  SmoYFP  and 
treated  with  100  nM  SAG  for  24  hours.  Scale  bars, 
5  pm.  (B)  Kinetics  of  average  (±SEM)  fluorescence 
recovery  of  photobleached  proteins  (a?  =  9  to  12). 
(0  Summary  of  percentage  of  fluorescence  re¬ 
covery  of  photobleached  ciliary  membrane  proteins 
in  parental  and  shRNAl  cells  (**P  <  0.002;  ***P  < 
0.0005).  (D)  Summary  of  barrier  index  in  parental 
and  shRNAl  cells  (n  =  31  to  59;  ***P  <  0.0001). 
(E)  GUI  (left)  and  Ptcl  (right)  mRNA  induction  in 
parental  and  shRNAl  cells  after  100  nM  SAG  or 
Shh  treatment  for  24  hours  (average  of  three  in¬ 
dependent  experiments  ±SD;  **P  =  0.005;  ***P  < 
0.0007).  (F)  Whole-cell  lysates  of  parental  and 
shRNAl  cells  immunoblotted  for  Smo,  SEPT2, 
and  GAPDH;  normalized  Smo  levels  in  parental 
and  shRNAl  cells  (right). 
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triphosphatases  (GTPases)  that  form  a  diffu¬ 
sion  barrier  at  the  mother-bud  neck  of  budding 
yeast  (10,  19,  20)  and  localize  at  the  annulus 
that  may  form  a  diffusion  barrier  between  the 
middle  and  principal  piece  of  the  mammalian 
sperm  flagellum  (21,  22).  Septin  2  (SEPT2)  (23) 
localized  to  the  base  of  the  cilium  at  the  bound¬ 
ary  between  the  ciliary  and  periciliary  mem¬ 
brane  in  IMCD3  cells  (Fig.  2A  and  fig.  S3A) 
and  in  MEFs  stably  expressing  SmoYFP  (Fig. 
2A).  In  some  optical  sections  SEPT2  staining 
appeared  as  a  ringlike  structure  of  -500  nm  di¬ 
ameter  (Fig.  2A),  reminiscent  of  structures  formed 
by  recombinant  septins  in  vitro  (24),  and  as  two 
fused  dots  (Fig.  2A  and  movies  S14  and  SI 5), 
similar  to  septin  staining  at  the  sperm  annulus 
(21).  In  -10%  of  cells,  punctate  SEPT2  also  lo¬ 
calized  along  and  at  the  tip  of  the  axoneme 
(fig.  S3B). 

SEPT2  localization  at  the  base  of  the  axo¬ 
neme  is  similar  to  basal  body  distal  appendage 
proteins.  SEPT2,  however,  clearly  localized  be¬ 
tween  the  ciliaiy  axoneme  [marked  by  acetylated 
a-tubulin  (AcTub)]  and  structures  marked  by 
the  distal  appendage  protein  CEP  164  (25),  the 
subdistal/distal  appendage  protein  outer  dense 
fiber  2  (Odf2)  (26),  and  the  pericentriolar  pro¬ 
tein  pericentrin  (PeriCT)  (27)  (Fig.  2B  and  fig. 
S3,  C  to  E).  SEPT2,  but  not  the  ciliary  axoneme 
or  these  basal  body  proteins,  was  solubilized  in 
buffer  containing  0.5%  TritonX-100  (fig.  S3F), 
indicating  that  SEPT2,  like  other  septins  (28,  29), 
is  associated  with  membrane.  In  addition,  SEPT2 
did  not  localize  to  the  centrosome  in  nonciliated 
cells  (Fig.  2,  C  and  D),  further  indicating  that  it 
is  not  a  constituent  centrosomal  protein. 


To  investigate  whether  SEPT2  is  required  for 
cilium  formation  and  ciliary  membrane  barrier 
function,  we  used  transient  transfection  with 
small  interfering  RNA  (siRNA)  oligonucleotides 
to  deplete  -69%  SEPT2  from  serum-starved 
IMCD3  cells  (Fig.  3,  A  and  B).  In  general,  cells 
that  were  completely  depleted  of  SEPT2  lacked 
a  cilium  (Fig.  3C  and  fig.  S4,  A  and  B),  whereas 
cells  that  were  partially  depleted  (-54.3%  deple¬ 
tion  at  the  base  of  primary  cilia)  had  a  cilium  that 
was  significantly  shorter  (3.46  ±  0.20  pm)  than 
controls  (4.78  ±  0.31  pm).  We  also  established 
stable  IMCD3  cell  lines  depleted  of  SEPT2  using 
three  different  short  hairpin  RNAs  (shRNAs),  which 
reduced  SEPT2  levels  by  80  to  90%  (Fig.  3,  D 
and  E)  and  resulted  in  a  more  complete  defect  in 
ciliogenesis  across  the  cell  population  (Fig.  3E 
and  fig.  S4,  C  and  D). 

To  investigate  whether  SEPT2  is  part  of  a  dif¬ 
fusion  barrier  at  the  base  of  the  ciliary  membrane, 
we  measured  ciliary  membrane  protein  mobility 
in  the  10  to  15%  of  the  stable  SEPT2-depleted 
IMCD3  cells  (shRNAl)  that  had  a  short  cilium 
but  did  not  have  significant  SEPT2  staining  near 
the  basal  body  (fig.  S4C).  We  detected  a  signif¬ 
icant  increase  in  the  diffusional  mobility  of  four 
ciliaiy  membrane  proteins  when  the  whole  cil¬ 
ium  was  photobleached  in  SEPT2-depleted  cells, 
compared  with  controls  (Fig.  4,  A  to  C;  fig.  S5, 
A  and  B;  table  S3;  and  movies  S16  to  S23).  Fur¬ 
thermore,  the  barrier  index,  defined  as  the  ratio 
of  mean  fluorescence  intensity  of  these  proteins 
in  the  ciliary  membrane  to  surrounding  periciliary 
membrane,  was  reduced  significantly  in  SEPT2- 
depleted  cells  compared  with  controls  (Fig.  4D 
and  fig.  S5C).  Thus,  SEPT2  depletion  removed 


the  ciliary  membrane  diffusion  barrier  in  cells  that 
could  still  assemble  a  cilium.  Because  the  cilium 
was  shorter  in  these  cells,  and  absent  in  most 
SEPT2-depleted  cells,  it  is  possible  that  loss  of 
the  diffusion  barrier  contributed  to  the  overall 
defect  in  ciliogenesis. 

We  investigated  whether  loss  of  the  ciliary 
membrane  diffusion  barrier  after  SEPT2  deple¬ 
tion  affected  cilium-dependent  receptor  signal 
transduction.  Shh  signaling  requires  enrichment 
of  Smo  in  the  ciliary  membrane,  and  signal  trans¬ 
duction  results  in  increased  GUI  and  Patchedl 
(Ptcl)  mRNA  levels  (14,  30).  In  SEPT2-depleted 
cells,  Smo  accumulation  in  cilia  was  reduced,  al¬ 
though  total  cellular  levels  were  unaffected  (Fig. 
4,  D  and  F,  and  fig.  S5C).  After  induction  with  Shh 
or  Smo  agonist  (SAG),  GUI  and  Ptcl  mRNA 
levels  were  reduced  significantly  in  SEPT2-depleted 
cells  compared  with  controls  (Fig.  4E).  Thus,  the 
SEPT2  diffusion  barrier  is  required  for  cilium- 
dependent  Shh  signal  transduction. 

Here,  we  have  identified  a  septin-containing 
diffusion  barrier  at  the  base  of  the  ciliary  mem¬ 
brane  that  is  required  to  retain  receptor-signaling 
pathways  in  the  primary  cilium.  This  diffusion 
barrier  restricts  the  difiusion  of  ciliary  membrane 
proteins  between  the  ciliary  and  periciliary  mem¬ 
brane  but  permits  the  diffusion  of  ciliary  trans¬ 
port  proteins  (IFT88).  This  implies  that  newly 
synthesized  ciliary  membrane  proteins  are  most 
likely  inserted  by  IFT  and  Bardet-Biedl  Syn¬ 
drome  proteins  into  the  ciliary  membrane  above 
the  diffusion  barrier  (7).  Thus,  septins  appear  to 
have  evolutionarily  conserved  roles  from  fungi 
to  animals  in  the  functional  compartmentaliza- 
tion  of  membrane  domains. 
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Integrative  Modeling  Defines 

the  Nova  Splicing-Regulatory  Network 

and  Its  Combinatorial  Controls 

Chaolin  Zhang,* *  Maria  A.  Frias,  Aldo  Mele,  Matteo  Ruggiu,  Taesun  Eom,  Christina  B.  Marney, 
Huidong  Wang,  Donny  D.  Licatalosi,  John  J.  Fak,  Robert  B.  Darnell* 

The  control  of  RNA  alternative  splicing  is  critical  for  generating  biological  diversity.  Despite 
emerging  genome-wide  technologies  to  study  RNA  complexity,  reliable  and  comprehensive 
RNA-regulatory  networks  have  not  been  defined.  Here,  we  used  Bayesian  networks  to 
probabilistically  model  diverse  data  sets  and  predict  the  target  networks  of  specific  regulators. 

We  applied  this  strategy  to  identify  -700  alternative  splicing  events  directly  regulated  by  the 
neuron-specific  factor  Nova  in  the  mouse  brain,  integrating  RNA-binding  data,  splicing 
microarray  data,  Nova-binding  motifs,  and  evolutionary  signatures.  The  resulting  integrative 
network  revealed  combinatorial  regulation  by  Nova  and  the  neuronal  splicing  factor  Fox, 
interplay  between  phosphorylation  and  splicing,  and  potential  links  to  neurologic  disease. 

Thus,  we  have  developed  a  general  approach  to  understanding  mammalian  RNA  regulation 
at  the  systems  level. 


RNA-binding  proteins  (RBPs)  regulate 
alternative  splicing  (AS)  and  processing 
of  RNA  to  generate  biological  complex¬ 
ity  (7).  Inferring  RNA  target  networks  regulated 
by  these  splicing  factors  may  provide  general 
insights  into  the  mechanisms  of  regulation  and 
their  role  in  disease  (2-5).  Several  global  ap¬ 
proaches  have  recently  been  applied  toward  this 
aim  (2),  including  bioinformatic  predictions 
driven  by  analysis  of  RBP  motifs  (6-8),  profiling 
of  RNA  isoforms  based  on  splicing  microarrays 
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(9-11)  or  RNA-Seq  (12-14),  and  biochemical 
footprints  derived  from  high-throughput  sequenc¬ 
ing  of  RNA  isolated  by  crosslinking  immuno- 
precipitation  (HITS-CLIP)  (9, 15).  These  methods 
have  been  applied  to  identify  and  genetically  val¬ 
idate  ~90  alternative  exons  regulated  by  Noval/2 
(9,  10),  a  family  of  neuron-specific  splicing  fac¬ 
tors.  Nova  regulates  a  biologically  coherent  set 
of  transcripts  encoding  synaptic  proteins  (10), 
and  an  RNA-regulatory  map  predicts  that  Nova- 
regulated  splicing  is  position  dependent,  such 
that  alternative  exons  are  included  when  Nova 
binds  to  downstream  introns  and  are  excluded 
via  binding  within  the  exons  or  to  upstream 
introns  (9,  16). 

Each  of  these  methods  is  limited  in  its  signal- 
to-noise  ratio  and  scope:  RBP  motifs  generally 


have  very  low  sequence  specificity  [e.g.,  YCAY 
for  Nova,  ~1  site  per  64  nucleotides  (nt)];  mi¬ 
croarray  or  RNA-Seq  data  are  noisy  at  the  exon 
level  beyond  a  small  set  of  top  candidates  and 
are  correlative  in  nature;  and  biochemical  protein- 
RNA  interactions  do  not  necessarily  imply  func¬ 
tional  regulation.  Consequently,  only  a  small  set 
of  targets  have  been  confidently  identified  for 
most  splicing  factors  (4,  1 7).  An  alternative  strat¬ 
egy  is  to  integrate  multiple  sources  of  informa¬ 
tion,  so  that  individually  weak  bits  of  evidence 
can  be  combined  to  generate  confident  predic¬ 
tions,  as  demonstrated  in  studies  of  protein- 
protein  interactions  (18)  and  transcription  factor 
networks  (19).  Here,  we  set  out  to  develop  such 
an  integrative  approach  to  probabilistically  mod¬ 
el  a  diverse  set  of  genomic,  experimental,  and 
evolutionary  data,  using  Bayesian  networks  to 
define  and  understand  the  function  of  RNA 
networks. 

We  studied  the  Nova  splicing-regulatory  net¬ 
work  as  an  exemplar  and  compiled  four  types  of 
data  important  for  inferring  direct  Nova-RNA  in¬ 
teractions  coupled  with  defined  Nova-dependent 
AS  events:  (i)  279,631  CLIP  tag  clusters,  ranked 
by  peak  height,  derived  from  20  independent 
HITS-CLIP  experiments  (figs.  SI  and  S2,  table 
SI,  and  datasets  SI  and  S2);  (ii)  841,501  Nova¬ 
binding  sites  (YCAY  clusters)  bioinformatically 
predicted  and  scored  from  the  clustering,  ac¬ 
cessibility,  and  conservation  of  YCAY  elements 
(fig.  S3);  (iii)  four  splicing-microarray  data 
sets  comparing  wild-type  and  Nova  knockout 
(KO)  brains,  which  detected  1331  exons  show¬ 
ing  significant  Nova-dependent  splicing,  in 
addition  to  many  exons  with  moderate  but  po¬ 
tentially  functional  changes  (fig.  S4  and  table 
S2);  and  (iv)  evolutionary  signatures  of  regu¬ 
lated  splicing,  including  conservation  of  AS  in 
humans  or  rats,  and  preservation  of  reading 
frame  (20).  Each  individual  data  set  suggested 
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